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Our improved understanding of cell mechano-sensing has been enabled by developments in biomaterials
platforms and in vitro culture systems. These emerging systems model key aspects of the cellular niche
in a controlled fashion, enabling one to ask and answer questions that could not be addressed in vivo due
to the complex interactions of these multiple discrete signals. These emerging materials include key
features of the native microenvironment, including complex mechanical properties, degradable domains,
and native-scale feature sizes. In this thesis work, we designed a 2D methacrylated hyaluronic acid
hydrogel (MeHA) system to recapitulate the multiple adhesive interactions normally present in the
developing mesenchymal progenitor cell niche, including an RGD adhesive motif (from fibronectin) and
the HAVDI adhesive motif (from N-Cadherin). This system allowed for the decoupled presentation of cellECM interactions and cell-cell interactions while simultaneously modulating other variables present in the
microenvironment, such as changes in substrate stiffness. Using this system, we elucidated a new
signaling pathway through which HAVDI ligation altered MSC mechanosensing of ECM stiffness, which
culminated in downstream differences in cellular proliferation and differentiation. Our findings suggest
that HAVDI presentation may be harnessed towards novel biomaterial design to direct cellular behavior
and allow for tuning of response to substrate stiffness in regenerative medicine applications. Building
from this platform, we further investigated nuclear morphology of MSCs on these 2D MeHA substrates
and in native tissue, and showed that nuclear morphology and mechanotransduction were markedly
different on planar substrates compared to within the native tissue niche. These findings suggested that
dimensionality and the manner by which nuclear pre-stress is established in 3D regulates strain
transmission to the nucleus. To better recapitulate these interactions, we cultured cells in 3D MMPdegradable HA hydrogels, and showed that these remodelable systems more accurately recapitulated the
in vivo cellular response in vitro. Moving forward, work with these defined synthetic 3D niches will play a
critical role in understanding of complex processes governing stem cell development and differentiation,
as well as disease pathologies that arise when these processes become disrupted.
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ABSTRACT

ENGINEERING COMPLEX MICROENVIRONMENTS TO MANIPULATE AND
STUDY CELLULAR MECHANOBIOLOGY
Brian D. Cosgrove
Dr. Robert L. Mauck
Our improved understanding of cell mechano-sensing has been enabled by developments
in biomaterials platforms and in vitro culture systems. These emerging systems model key
aspects of the cellular niche in a controlled fashion, enabling one to ask and answer
questions that could not be addressed in vivo due to the complex interactions of these
multiple discrete signals. These emerging materials include key features of the native
microenvironment, including complex mechanical properties, degradable domains, and
native-scale feature sizes. In this thesis work, we designed a 2D methacrylated hyaluronic
acid hydrogel (MeHA) system to recapitulate the multiple adhesive interactions normally
present in the developing mesenchymal progenitor cell niche, including an RGD adhesive
motif (from fibronectin) and the HAVDI adhesive motif (from N-Cadherin). This system
allowed for the decoupled presentation of cell-ECM interactions and cell-cell interactions
while simultaneously modulating other variables present in the microenvironment, such as
changes in substrate stiffness. Using this system, we elucidated a new signaling pathway
through which HAVDI ligation altered MSC mechanosensing of ECM stiffness, which
culminated in downstream differences in cellular proliferation and differentiation. Our
findings suggest that HAVDI presentation may be harnessed towards novel biomaterial
design to direct cellular behavior and allow for tuning of response to substrate stiffness in
regenerative medicine applications. Building from this platform, we further investigated
viii

nuclear morphology of MSCs on these 2D MeHA substrates and in native tissue, and
showed that nuclear morphology and mechanotransduction were markedly different on
planar substrates compared to within the native tissue niche. These findings suggested
that dimensionality and the manner by which nuclear pre-stress is established in 3D
regulates strain transmission to the nucleus. To better recapitulate these interactions, we
cultured cells in 3D MMP-degradable HA hydrogels, and showed that these remodelable
systems more accurately recapitulated the in vivo cellular response in vitro. Moving
forward, work with these defined synthetic 3D niches will play a critical role in
understanding of complex processes governing stem cell development and differentiation,
as well as disease pathologies that arise when these processes become disrupted.
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CHAPTER 1: INTRODUCTION

Most biomaterials platforms used for studying stem cell mechanobiology are designed to
be very simple and straight-forward. Take a linearly elastic material and tune the modulus
to the desired range, couple an ECM molecule or other adhesive moiety, and select your
media for the given cell type and start the experiment. Yet, in nearly all native tissue
contexts, the cellular niche is not that simple. Cells interact with numerous different types
of ECM proteins at once, they mechanically probe and pull on the ECM and other cells
through cadherins, and they move and remodel their 3D environments. Given this
complexity, it is essential to engineer complexity into biomaterials systems to approximate
tthe native microenvironment. Over the past decade, the field has progressed from the
use of static and planar biomaterials to the use of dynamic and tunable materials that are
designed to enable more sophisticated questions to be asked regarding in vivo cell biology
in an in vitro setting. These new technologies include fully synthetic approaches to
modulate complex mechanics, allowing for cell-mediated remodelability, providing multiple
adhesive ligand interactions, and recapitulating the fibrous structures present in most
ECMs. The overarching goal with these systems is to combine these interactions in a
controlled and systematic fashion and to gradually increase the complexity of these
interactions and mechanical inputs. By defining a minimal set of critical elements present
in native microenvironments, once should be able to recapitulate complex cellular
behaviors in vitro that result from the synergistic actions of multiple factors. This thesis is
centered on this effort.
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Chapter 2 starts out by characterizing the recent advances within biomaterials that have
broadened our molecular toolbox when it comes to designing more native-like engineered
microenvironments. In broad strokes, these include important changes in the cellular
remodelability of the material, improvements in better defining and controlling feature size
utilizing fibrous biomaterials, as well as enabling multiple adhesive signals to be presented
to the cells simultaneously. Together, these recent advances can be harnessed to
engender native tissue-like complexity into engineered microenvironments.

Next, in Chapter 3, some background is provided on an interesting new frontier in
mechanobiology

--

nuclear

mechano-adaptation.

While

the

field

of

nuclear

mechanobiology is in its infancy, the past two years have witnessed several exciting
findings that have elucidated some key mechano-adapative aspects of the nucleus.
Together these findings are helping to prove decades-old theories regarding how
exogenous forces applied to cells can deform chromatin and alter gene expression and a
variety of other fundamental cellular behaviors as a result. This area represents an exciting
new topic to apply our knowledge of more native-like biomaterials design, as the nucleus
acts as an integrator of many microenvironmental cues.

In order to directly study cellular mechanobiology, there are a variety of tools and assays
that can help reveal the contractile state of the cell. Given that many of the traditionally
employed methodologies provide only indirect measurements at a bulk level, advances
have occurred in making direct measurements of the degree traction force generation by
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single cells on various types of substrates. Chapter 4 overviews this developing
technological space and provides a step-by-step guide to traction force microscopy (TFM),
going through a workflow that is the result of multiple years of troubleshooting and finetuning a TFM protocol. This methodology has since been applied throughout various parts
of this thesis work, and has led to many interesting scientific collaborations around Penn.

The previous chapters outlined important background and procedural details needed to
tackle interesting questions in stem cell mechanobiology, and in Chapter 5 the first such
experimental question is tackled. One of the most commonly used stem cell types for
studying mechanobiology is the mesenchymal stem cell (MSC). During mesenchymal
development, the microenvironment gradually transitions from one that is rich in cell–cell
interactions to one that is dominated by cell–ECM (extracellular matrix) interactions.
Because these cues cannot readily be decoupled in vitro or in vivo, how they converge to
regulate mesenchymal stem cell (MSC) mechanosensing is not fully understood. In
Chapter 5, we show that a hyaluronic acid hydrogel system enables, across a
physiological range of ECM stiffness, the independent co- presentation of the HAVDI
adhesive motif from the EC1 domain of N-cadherin and the RGD adhesive motif from
fibronectin. Investigations described in both Chapter 5 and Chapter 6 demonstrate how
decoupled presentation of these cues revealed that HAVDI ligation (at constant RGD
ligation) reduced the contractile state and thereby nuclear YAP/TAZ localization in MSCs,
resulting in altered interpretation of ECM stiffness and subsequent changes in
downstream cell proliferation and differentiation. Taken together, in an evolving
developmental context, these findings show that HAVDI/N-cadherin interactions can alter
stem cell perception of the stiffening extracellular microenvironment.
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While the previous chapters focused on cell-cell and cell-material interactions, and
regulation of signaling at these interfaces, Chapter 7 goes deeper into the cell, and
focuses on nuclear morphology and how mechanical and geometrical inputs regulate this
feature in stem and progenitor cells. Specifically, we first use soft planar 2D hydrogels
and demonstrate that in this context nuclear envelope wrinkling is a function of cellular
contractility. This data shows that wrinkling acts like a “toe region” wherein nuclear
wrinkles need to be unfurled by stress in the cytoskeleton before pre-stress can be built
up in the cell and downstream mechanotransduction can occur. However, when we
transitioned this work into native tissue, we found that these predictions from the 2D planar
system were not operative in the native tissue cell niche, likely as a consequence of the
artificial apical-to-basal polarity enforced by planar systems. To account for these
differences, a NorHA hydrogel platform crosslinked with MMP-degradable linkers was
assayed, and findings from this system more accurately recapitulated nuclear envelope
behaviors and mechanosensitive signaling that occurs in the in vivo niche, compared to
the 2D planar substrates.

Finally, Chapter 8 summarizes this body of work and touches on some of the implications
of these experimental results. A more in-depth discussion of the limitations of this work is
included, and a focus on areas of future interest and the development of important themes
in this work is provided.

4

CHAPTER 2: PROBING NATIVE TISSUE-LIKE
MECHANOBIOLOGY WITH NEXT GENERATION
BIOMATERIALS

2.1

INTRODUCTION

After decades of culturing cells on rigid substrates, the notion that microenvironmental
cues might impact cell behavior came to the fore, and it was quickly appreciated that stiff
substrates do not mimic any physiologic environment. Since then, our understanding of
mechanobiology in native-like contexts has rapidly evolved, enabled in large part by the
emergence of new biomaterial platforms for cell culture. Initially, advances were made by
simply repurposing existing technologies. For instance, polyacrylamide (PA) gels,
traditionally used for electrophoresis, were redeployed as a platform for modulating
substrate stiffness (Pelham and Wang 1997, Engler, Sen et al. 2006). Likewise, microfabrication and micro-molding technologies (using PDMS) entered the tissue culture
vernacular at this time, and were put to use to control cell spread areas and/or shape
through micropatterning (Chen, Mrksich et al. 1997, Pelham and Wang 1997, Engler, Sen
et al. 2006, Théry, Pépin et al. 2006) and to create platforms to measure cellular
contractility across multiple length scales (Tan, Tien et al. 2003, Legant, Pathak et al.
2009). Building from these platforms, newer foci shifted from the use of these planar, easyto-image thin films into more native-like three dimensional contexts provided by synthetic
biomaterials systems (Baker and Chen 2012). This has culminated at the present state,
with the development of dynamic and tunable material systems designed to mimic the in
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vivo environment to the greatest extent possible, allowing one to ask and answer more
complicated biological questions in a controlled in vitro setting.

These enabling technologies have allowed researchers to pose increasingly complex
questions about how multiple biological signals converge to regulate dynamic and
specialized cellular functions (Sprinzak, Lakhanpal et al. 2010). The initial return on this
investment appears promising, as studies involving the combination of multiple stimuli and
signals have already produced findings that could not have been predicted based on a
single input using a simpler system. For example, it has recently been shown that creating
the appropriate cellular niche to mimic complex processes and tissue architectures, such
as intestinal stem cell organoid formation, requires the convergence of many factors
including optimized matrix stiffness, degradability, and ligand availability coupled with the
precise timing of these signals (Gjorevski, Sachs et al. 2016). New hydrogel platforms to
query how cells integrate multiple adhesive cues have shown that, in environments where
there are both cell-cell and cell-ECM adhesive interactions, cell-cell adhesive contact
change mechano-sensitive signaling (Cosgrove, Mui et al. 2016). Finally, its been shown
that soluble factors such as EGFR combine with mutant HER2 expression to regulate the
mechanical state of the cell in cancer metastases, but only if the extracellular matrix is
appropriately stiff (Saxena, Liu et al. 2017). These insights would not have been possible
without enabling new biomaterial technologies that allow for sufficient complexity so as to
replicate key features of the in vivo niche.
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Given the rapid developments in this area, this Chapter reviews recent advances in
biomaterial technologies that have allowed for the creation of synthetic and tunable
materials that better recapitulate native-like microenvironments across multiple length
scales. These new technologies include fully synthetic and modular ways in which to
produce complex mechanics, cell-mediated remodelability, and adhesive ligand
presentation. Further, we will identify how these technologies have been leveraged to
reveal new pathways and feedback loops that dictate how exogenous forces combine with
intracellular signaling to result in more complex behaviors than witnessed previously,
behaviors that are more than the sum of their parts.

2.2

ECM REMODELABILITY

During development and disease, the extracellular matrix (ECM) undergoes extensive
remodeling. Within this ECM, cells exhibit highly dynamic behaviors, moving, bending,
and bundling fibrils while simultaneously secreting new matrix and degrading existing
matrix. Indeed, even cells in niches thought to be relatively inactive are actively interacting
with their matrix, sending out projections and constantly probing and measuring features
of the microenvironment. This dynamic interplay between the cell and its ECM must be
faithfully reproduced in biomaterial systems.

The concept of cell-mediated remodelability of the ECM has been explored for many
decades, with collagen-1 matrices serving as the most common naturally-derived material
in which to study cellular behavior. Indeed, these early studies showed the field that cell
behavior in such tissue-like contexts were quite distinct from that which had been seen on
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glass and tissue plastic substrates (Bell, Ivarsson et al. 1979). Collagen gels continue to
be an important tool to study complex cellular behaviors in native-like environments, and
these materials show nonlinearity in their stress-strain response, are remodelable by cells,
and are fibrous in nature, much like many native tissues. However, a drawback to collagen
gels arises from the fact that many features that influence cell behavior are intertwined
with one another by its very formulation. That is, a change in gel density, for example,
changes pore size, ligand density, and matrix stiffness all at once, making it impossible to
elucidate the precise biophysical change that is altering a particular cell behavior. It is also
impossible to change one of these features without effecting the others. Furthermore, to
produce collagen hydrogels with bulk moduli greater than 1 kPa, extensive crosslinking is
required, which in turn reduces the degradability of these systems (Caliari, Burdick et al.
2016).

In addition to collagen, other naturally-derived substrates, such as Matrigel, have been
effective tools for the study of how growth factors, ligands, and remodelability come
together to dictate complex cellular behaviors (Varner, Gleghorn et al. 2015). However,
the precise formulation of each lot of Matrigel is unknown, and there exists significant lotto-lot variability (Caliari, Burdick et al. 2016). Given these limitations in natural materials,
there is a need for a synthetic platform that preserves the main benefits of these natural
systems, while allowing for both consistent production and the independent tuning of the
multiple parameters that can influence cell behavior.
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2.2.1

MMP-Degradable Synthetic Hydrogels

Over the past two decades, synthetic biomaterials platforms emerged that can recapitulate
the degradable aspects of native microenvironments, allowing for the independent tuning
of ligand density, matrix stiffness, and other matrix characteristics that are important for
studying cellular mechanobiology.

Some of the first examples of synthetic hydrogel

platforms with cell-remodelable domains were in PEG hydrogels engineered to contain
proteolytically-cleavable linkages. Addition of collagenase (or production by cells within)
cleaved these MMP-degradable sites allowing for bulk and local hydrogel degradation
(West and Hubbell 1999, Lutolf and Lauer-Fields 2003). Unlike other synthetic hydrogels
of the era, these systems allowed for the study of invasive cellular behaviors normally
seen only in collagen gels. These materials also provided a platform wherein multiple
material parameters, such as RGD ligand density, extent of MMP-degradability, and
hydrogel swelling ratio could be independently changed while monitoring the subsequent
effects on the invasive phenotype (Lutolf and Lauer-Fields 2003). Years later, when it was
noted that cells did not robustly spread in 3D hydrogels (Huebsch, Arany et al. 2010),
these MMP-degradable domains were incorporated into HA and other hydrogel systems
to demonstrate that MMP-degradability within biomaterials was key for cellular traction
generation and subsequent spreading (Khetan, Guvendiren et al. 2013)(Figure 2-1).
Likewise, some of the first assays of adipogenic and osteogenic differentiation of MSCs
embedded within covalently crosslinked hydrogels showed that, in mixed differentiation
media, MSCs underwent adipogenesis regardless of the elastic moduli of the
encapsulating material (Khetan, Guvendiren et al. 2013). This is in accordance with other
studies in physically-crosslinked alginate that showed that cell spreading in such 3D
environments only occurred when cells interacted with degradable materials, as opposed
to non-degradable alginate-only hydrogels (Stowers, Allen et al. 2015).
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Figure 2-1- (top) Schematic of crosslinking strategy for MeMaHA hydrogel system
used to explore the role of MMP-degradability on MSC behavior. (bottom) 3D
displacement vector map of MSCs in either MMP-degradable or non-degradable
hydrogels following 7d of culture in growth media. SB = 10 um. Adapted from
(Khetan, Guvendiren et al. 2013).

Degradable versus non-degradable hydrogels have also brought new insight into the
control of mechanotransduction pathways that were initially worked out in 2D culture
systems, such as YAP/TAZ nuclear localization as a function of matrix stiffness and/or cell
spreading (Dupont, Morsut et al. 2011). For example, physically-crosslinked alginate
hydrogels that are remodelable via stress-relaxation/plastic deformation showed
increased cell spreading in 3D, but interestingly, no clear relationship in terms of nuclear
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YAP/TAZ localization or MSC differentiation (Chaudhuri, Gu et al. 2015). Subsequent
studies showed a role for hydrogel degradability in driving YAP/TAZ nuclear localization
in 3D, demonstrating that both spreading and hydrogel degradability are key for increasing
YAP/TAZ nuclear localization as a function of material stiffness (Caliari, Vega et al. 2016).
This is supported by other 3D measures of YAP/TAZ localization in degradable
environments such as collagen and matrigel, which also promote nuclear YAP/TAZ
localization in 3D in response to mechanical loading (Dupont, Morsut et al. 2011, Aragona,
Panciera et al. 2013). Taken together, this suggests a critical role for matrix degradability
in

driving

YAP/TAZ-based

mechanosensing

and

responsivity

in

native

3D

microenvironments.

Downstream changes in other cellular phenotype, such as in the development of αSMA
positive VICs, are also seen preferentially in degradable hydrogels (Mabry, Lawrence et
al. 2015). Similar to findings of (Khetan, Guvendiren et al. 2013), post-spreading stiffening
of these matrices causes a loss of cell phenotype, but a maintenance of cell shape,
highlighting that it is not so much cell spreading that dictates these phenotypes, but rather
a differential mechanism by which cells can probe and remodel the local environment to
generate traction stress. Importantly, matrix stiffness alone was not sufficient to induce
VIC transition to myofibroblasts, highlighting how multiple stimuli are likely required to
initiate this complex cell state transition.

One often overlooked downstream outcome of nuclear YAP/TAZ localization is the
expression of various MMPs, including MMP7 (Nukuda, Sasaki et al. 2015) and MMP2
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(Hiemer, Szymaniak et al. 2014). These feedback mechanisms could prove to be
important in driving stem cell fate commitment and contractile behavior in native and 3D
engineered microenvironments. One recent study showed that blocking YAP-TEAD
interaction (using verteporfin) in cells cultured within degradable HA hydrogels resulted in
a complete loss of cell volume and aspect ratio (Caliari, Vega et al. 2016). While CTGF
expression was downregulated because of verteporfin, MMP expression may have also
been lost, blocking the cells from appropriately probing and reorganizing their
microenvironment. This scenario has also been tested in tissue, where deletion of MMP14
led to differences in mesenchymal fate commitment via an integrin, Rho GTPase, and
YAP/TAZ signaling cascade (Tang, Rowe et al. 2013). Given this fact, nuclear YAP/TAZ
signaling may promote proper stem cell niche formation by increasing both matrix
production (via CTGF expression) and matrix remodeling (via MMP expression)
simultaneously. Importantly, this suggests that there could be a critical feedback loop in
3D microenvironments where early contractile events lead to increases in nuclear
YAP/TAZ signaling, which further lead to increased MMP expression and subsequent local
matrix remodeling that promote increased contractility, enabling fate committment.

2.2.2

Complex Mechanics Within Hydrogel Systems

Many materials used to study cell behaviors are linearly elastic for most relevant cell level
strains, including PA (Storm, Pastore et al. 2005), hyaluronic acid, and PEGDA hydrogels
(de Molina, Lad et al. 2015). The initial reason for using these simple systems in
mechanobiology experiments was in part due their availability, and in part to minimize
complexity in the system to the greatest extent possible. That is, an ideal material would
remain linearly elastic within a cellular deformation range, and this would maintain the
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material formulation as simple as possible in order to avoid introducing unnecessary
complexities. Even with these simple systems, a great deal has been discovered regarding
the role of passive stiffness cues on cell behaviors (as noted above). This linear elasticity
has also enabled development of tools to measure cell force generation, where linear
assumptions are crucial for simplifying computationally efficient analytical solutions (e.g.,
solving the system of equations in traction force microscopy) (Sabass, Gardel et al. 2008,
Polacheck, Chen et al. 2016). Other systems commonly used for studying cell
mechanobiology, such as alginate and collagen are slightly more complex due to their
crosslinking mechanism, as many types of alginate are only linearly elastic up to 6% strain,
effectively making them behave as nonlinear materials in the range of most cellular strains
(Siviello, Greco et al. 2015). On top of these synthetic materials, most tissues are simply
not linearly elastic due to the fact that their constitutive ECM components, including
collagen, fibrin, etc. are non-linear materials (Storm, Pastore et al. 2005). As such, cells
in their normal in vivo microenvironment are likely interacting with mechanically complex
materials, potentially altering important cellular functionalities that depend on cellular
contractility.

Mechanical properties of native tissues vary markedly across tissue types, and are based
on their function and composition. Most tissues have high water content, thus making them
viscoelastic, where the applied forces on the tissue gradually dissipate under a constant
deformation. In these cases, the materials can be characterized by a storage modulus (G’,
elastic) and a loss modulus (G’’, viscous). Early work exploring cell mechanosensing in
viscoelastic environments was carried by Cameron and coauthors, where they took the
standard PA gel system with a constant elastic storage modulus (~5 kPa) and varied the
loss modulus by altering that ratio of acrylamide to bis-acrylamide. When cells were plated
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on materials containing a significant viscous mechanical contribution, focal adhesions
were smaller but cell spread area and proliferation rate increased (Cameron, Frith et al.
2011). Additionally, the authors found an influence of loss modulus on MSC differentiation,
where increased loss modulus increased MSC osteogenesis in differentiation media.
Other work using such viscoelastic substrates also revealed that a more viscous substrate
enhanced collective cell migration (Murrell, Kamm et al. 2011).

In a similar vein, a series of recent publications have centered on the use of ionic and
covalently crosslinked alginate-based systems that enable creation of hydrogels that
undergo stress-relaxation, in which there is a time-dependent dissipation of stress. When
cells were cultured on top of 2D thin films of these stress-relaxing alginate hydrogels,
differential responses were seen on low elastic modulus substrates. In this scenario, cells
on stress-relaxing gels were more spread and exhibited higher levels of YAP/TAZ
localization (Chaudhuri, Gu et al. 2015)(Figure 2-2). However, on stiff hydrogels or at
lower ligand densities, the stress-relaxation properties of this hydrogel had no effect on
cellular behavior. This suggests that, when stiffness is high or when cells cannot effectively
cluster sufficient ligand, cells get enough mechanical feedback and there is no impetus for
clustering of these RGD adhesions. In 3D microenvironments, varying the molecular
weight of these stress-relaxing alginate materials caused them to behave as a Bingham
solid – where above a threshold force the solid material exhibited viscous flow. The faster
stress-relaxation times of the alignate hydrogel led to increased cell spreading and
increased proliferation at high RGD densities. This suggests that, similar to work in fibrous
scaffold systems, the mechanical properties of the surrounding ECM can dictate how cells
are able to remodel their microenvironment by acting locally to cluster ligands (and thereby
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increase generation of contractile stress). However, important questions remain regarding
the biophysical mechanism underlying these results. What is the amount of contractile
stress in the cytoskeleton of these cells and is this achieved through focal adhesion
activation? Additionally, over long timescales, how do these stress-relaxing gels regulate
matrix deposition in these contexts. Long-term differentiation experiments bring up other
interesting mechanistic questions in this system – perhaps the hydrogels are acting as a
barrier to matrix deposition in 3D, and as such hydrogels that can stress-relax may
promote increased matrix deposition, similar to effects of agarose concentration on matrix
deposition and morphology as highlighted by McLeod and Mauck (McLeod and Mauck
2016).
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Figure 2-2 – Overview of stress-relaxing alginate hydrogels and MSC culture
inside of these hydrogels. (top) Tuning of the stress-relaxation parameters was
accomplished through changing molecular weight parameters and inserting PEG
spacers. (middle) Cell spreading increased with faster stress-relaxation time
scales. (bottom) MSCs could remodel the biomaterial to locally increase ligand
density following culture in a fast stress-relaxing alginate hydrogel. Adapted from
(Chaudhuri, Gu et al. 2015).
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Others have attempted to create stress-stiffening materials that mimic the nonlinear native
mechanical response of collagen. One such example came in the form of 3D
polyisocyanopeptide (PIC) hydrogels in the 200-400 Pa modulus range, and through
tuning polymer length, altered the critical stress at which these hydrogels entered the
nonlinear stress-stiffening regime (Das, Gocheva et al. 2016). Unlike collagen gels
however, these PIC gels were not degradable. Thus, despite being strain stiffening, cell
morphology in these 3D hydrogels did not match those of cells embedded in fibrin or
collagen gels in which there was cellular spreading and polarization. These changes in
stem cell morphology were dependent on integrin-binding, suggesting that despite a
rounded morphology, local changes in modulus and integrin clustering drove these
responses. Coupling these strain-stiffening systems with degradable crosslinks could
further develop a mechanistic understanding of how cellular mechanobiology adapts to
changes in modulus with applied force, and how these changes engender long-term
feedback and memory in cellular processes.

2.3

ENGINEERING COMPLEXITY IN THE ADHESIVE LIGAND MILIEU

The niche of a single cell is replete with many factors, from soluble factors to the underlying
mechanics and geometry of the ECM, as concisely reviewed in (Lane, Williams et al.
2014). While many tissue engineering approaches focus on a single adhesive ligand
tethered to a biomaterial for the sake of simplicity, native tissues present multiple types of
extracellular ligands that the cells are physically probing at the same time. For example,
besides the commonly-utilized collagen-I or fibronectin adhesion moieties, there is
evidence that cells can directly bind to and mechanically interact with other extracellular
proteins, including other types of collagen (Raynal, Hamaia et al. 2006), vitronectin, fibrin,
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laminin (Nakamura, Mie et al. 2008), elastin (Bax, Rodgers et al. 2009), hyaluronic acid,
as well as non-matrix interactions including adhesive receptors from neighboring cells (as
discussed in detail later). Importantly, the amount and ratio of these extracellular proteins
in the niche are dynamic and change with aging and development. For example, one mass
spectroscopy study of rat hearts taken at various developmental stages found that fetal
hearts contained significant amounts of collagen-1/2, fibronectin, collagen-IV, fibronectin,
fibrillin, and periostin (Gershlak, Resnikoff et al. 2013, Williams, Sullivan et al. 2015). Over
the course of development, these ECM constituents shifted to include additional proteins
(collagen-III), and there were transitions between the dominant protein content, from
fibronectin-rich fetal hearts to collagen-1/laminin rich adult hearts. Extracellular adhesive
interactions are generally achieved through specific adhesion receptors such as integrins,
as reviewed in (Geiger, Spatz et al. 2009), though there are other mediators of cellular
adhesion in the niche that can link these components to the actin cytoskeleton, such as
cadherins, Ig-superfamily CAMs, selectins, and CD44. Further, the expression of these
adhesion receptors creates another tunable layer of feedback, and some work has shown
that cells are constantly working to maintain tensional homeostasis during disease and
other changes in the ECM by varying their expression of various sub-types of integrin,
each of which exhibit different binding kinetics and strength (Elosegui-Artola, Bazellières
et al. 2014). While these changes in integrin expression represent one layer of the
mechanoadaptive response of cells that is ECM-independent, another layer of mechanoadaptation likely comes from the changing presence and engagement dynamics of ECM
components with development and disease. From the perspective of biomaterials design
and mechanobiology, it is important to acknowledge that presentation of only one
adhesive interaction does not result in an accurate representation of how these signals
converge to regulate the native phenotype. In this section, we will illustrate some specific
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examples of how ligand selection and the convergence of multiple ligands can regulate
stem cell behavior.

Figure 2-3 – ECM composition of adult, neonatal, and fetal rat hearts as
determined by mass spectroscopy. Adapted from (Gershlak, Resnikoff et al. 2013).

2.3.1

Adhesive Ligand Convergence and Selection

Two of the most popular extracellular matrix interactions used in mechanobiological
studies are collagen-I and fibronectin, as these two materials are the most common ECM
proteins in the body. However, the choice of which ligand to use can have large effects on
the mechanobiological response, as demonstrated by Rowlands and colleagues, who
showed that cells can have vastly different morphologies and responses to mechanical
cues on substrates coated with different ECM ligands (Rowlands, George et al. 2008,
Seong, Tajik et al. 2013). Interestingly, the ability of cells to generate traction stress on
each ligand type is different, and this feature appears to drive some of these morphological
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differences. For example, traction force microscopy studies suggested that cells generate
40% less traction on fibronectin coated substrates as compared to collagen-1 coated
substrates (Maruthamuthu, Sabass et al. 2011). Additionally, some progenitor cells
migrate only on fibronectin coated substrates as opposed to laminin coated substrates
(Hartman, Isenberg et al. 2016), likely due to a lack of the appropriate integrin expression
for various ECM proteins.

There is a great deal of crosstalk between multiple matrix types present in the cellular
niche. For example, it has been has illustrated that there is an uneven and shifting
distribution of strain across an ECM containing both fibronectin and collagen-1, a balance
that likely changes throughout development and one that can become disrupted in disease
(Kubow, Vukmirovic et al. 2015). This work by Kubow and colleagues further illustrates
how mechanical feedback on one ECM component could drive subsequent changes in
another ECM network in the same niche. Further, the authors found that fibronectin is
required for eventual collagen-1 deposition, with fibronectin binding sites on collagen-1
functioning as an important template for collagen-1 deposition (Kubow, Vukmirovic et al.
2015). Fibronectin-FRET probes revealed that once collagen has been sufficiently
deposited and remodeled, collagen-1 functions to mechanically shield cells from
fibronectin, as fibronectin is no longer deformed by cellular traction forces at this stage.
Besides this balance in mechanical strain, plating cells on surfaces with multiple ligands
from various ECM proteins has also revealed increased mechanosensitive signaling
differences in FAK activation and focal adhesion size (Reyes, Petrie et al. 2008). Thus,
mechanically interacting with two ECM components at the same time result in dynamic
cellular behaviors and eventual ligand shielding/switching that may be critical for
maintaining tensional homeostasis or for long-term changes in matrix production (Zhong,
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Chrzanowska-Wodnicka et al. 1998, Klotzsch, Smith et al. 2009). It will be interesting to
determine if such analyses reveal further mechanical interactivity or other interplay
between multiple matrix components. High-throughput approaches and screening
methods will likely prove to be a useful tool in detecting these synergistic interactions in
various model systems (Ranga, Gobaa et al. 2014, Caiazzo, Okawa et al. 2016, Gjorevski,
Sachs et al. 2016).
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Figure 2-4 – An example of optimization of a defined synthetic niche in 3D
hydrogels. (top) Extracellular matrix proteins, cell-cell interaction, and soluble
factor components that converge in the cellular niche, which can be used for the
study of in vitro mechanobiology. (middle) Material and cell inputs of the system
can be adjusted, such as material stiffness, degradability, and cell seeding
density. (bottom) Example of how these factors interact in a high-throughput
system for screening cellular niches. Adapted from (Ranga, Gobaa et al. 2014).

With the development of newer synthetic biomaterials systems for use in therapeutic or
other research applications, there has been increased interest in tethering chemistries to
allow for cell attachment in these artificial biomaterials. Most chemistries that can
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covalently conjugate these complex molecules are limited and exist as generalized black
box chemistries, so more precise approaches to adhesive ligand tethering have been
widely sought. Additionally, the processing steps required for translating cell-produced
proteins represents a clear hurdle in terms of both throughput and reproducibility.
However, many adhesive motifs from extracellular matrix molecules are generally short
compared to the length of the full molecule, and thus oligopeptide synthesis can be
leveraged to create shorter adhesive domains. One of the first identified adhesive motifs
in ECM proteins was the ‘RGD’ adhesive motif found in fibronectin, which was later shown
to be present in many other ECM proteins including vitronectin and fibrin (Pierschbacher
and Ruoslahti 1984, Yamada 1984). Soluble forms of RGD can act as competitive
inhibitors of cell adhesion, whereas tethered versions of this peptide allow for cellular
adhesion and spreading. This discovery further spurred the hunt for similar adhesive
motifs in other ECM proteins for use in biomaterials, and many additional peptide
sequences containing adhesive motifs have been identified (Hersel, Dahmen et al. 2003).
Currently, researchers have a cornucopia of peptide sequences to choose from, including
for ECM proteins like laminin (YIGSR, IKVAV)(Grant, Kinsella et al. 1992, Nakamura, Mie
et al. 2008) and collagen-1 (GFOGER)(Reyes and García 2003, Reyes and García 2004),
as well as other adhesive motifs present in the extracellular milieu, such as adhesive
motifs from E-cadherin and N-cadherin, HAV (Williams, Williams et al. 2000, Williams,
Williams et al. 2002).

While these adhesive motifs have been incorporated into many biomaterials systems to
enable cell attachment and downstream signaling, one of the most important
considerations with this technique is that there are often more complex interactions that
23

occur when multiple adhesive motifs exist within the native molecule. For example, in
addition to the primary RGD binding domain, there is a PHSRN synergy site on fibronectin,
typically located around 4nm away that increases a5b1 integrin binding affinity to RGD
(Aota, Nomizu et al. 1994, Redick, Settles et al. 2000, Hersel, Dahmen et al. 2003).
Incorporation of an RGD-PHSRN peptide mimicking the natural spacing between RGD
and the synergy site into a 2D PEG hydrogels led to improved cell attachment, spreading,
proliferation, and formation of focal adhesions, but did not improve functional outcomes
such as ECM production over two weeks (Benoit and Anseth 2005, Ochsenhirt, Kokkoli et
al. 2006). This suggests that there may be a context specificity to this PHSRN domain as
a result of by a5b1 integrin-based activation and signaling, and that PHSRN may be more
influential in maintaining tissue homeostasis rather than driving tissue development and
maturation. Similar combinational peptide strategies have been utilized in laminin mimics
(YIGSR and PDSGR)(Aucoin, Griffith et al. 2002, Merrett, Griffith et al. 2003) Adhesion
peptide design can be even more complex and multifaceted, with one example of this
being an elastin-like adhesion peptide that is fully cross-linkable and has an REDV
adhesion motif, but also contains a proteolytic cleavage fragment. Cleavage and release
this peptide sequence can further enhance tissue repair processes (Girotti, Reguera et al.
2004). Interestingly, recent work with FAK-FRET bioactivity sensors revealed that this
PHSRN synergy domain in fibronectin (and subsequent a5b1 integrin activation) is only
accessible for binding when the molecule is under mechanical tension, whereas other
integrin-ECM interactions like a2b1 collagen interactions are constitutively-accessible and
do not change with mechanical tension (Seong, Tajik et al. 2013). This finding is of great
interest to the biomaterials design and mechanobiology community, suggesting that short
peptide sequences alone may not recapitulate complicated mechanical reinforcements
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that occur with full-length molecules. As such, these peptides may hide homeostatic
adhesive aspects that could lead to more complex cellular behaviors downstream. Future
work developing more complex cell adhesive peptides and in chemistries for coupling
native ECM ligands could further add complexity to biomaterials design and allow for
emergent cellular behaviors and responses, including organoid formation and stem cell
differentiation.

2.3.2

Hyaluronic Acid and Mechanotransduction

Hyaluronan (HA) is a linear polysaccharide present throughout multiple tissues in the body
in many different contexts. Its function can range from that of a soluble lubricant to an
essential component in the tissue ECM, responsible for attracting and maintaining water
content at a high level(Fraser, Laurent et al. 1997). For some time, this material was
thought to be an inert filler with no real signaling capacity or cellular interactions (Cyphert,
Trempus et al. 2015). Only recently has it become clear that HA can have an impact on
a diverse array of cellular behaviors. This polysaccharide is found in many different sizes,
from a few saccharide repeats to long polymer chains with molecular weights of >1MDa.
These high molecular weight HAs are thought to be the most “healthy” or native version
of HA (Jiang, Liang et al. 2007) and lower molecular weight HA fragments (around 20-100
kDa) are generally hallmarks of degradation and can function as pro-inflammatory signals
in disease (Horton, McKee et al. 1998, Toole 2004, Stern, Kogan et al. 2007, Rayahin,
Buhrman et al. 2015). Structurally, high molecular weight HAs are critical modulators of
tissue and ECM architecture due to their influence on tissue hydration, and play an
essential role in tissue development and maturation (Toole 2001, Li, Toole et al. 2007).
HA also plays an important cell signaling role, where through binding with various surface
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receptors, HA can regulate a diverse array of cell behaviors (Turley, Noble et al. 2002).
As such, HA-based hydrogel platforms (with a theoretically-infinite molecular weight and
native-like properties) have been widely adopted in biomaterials approaches to
regenerative medicine and mechanobiology (Burdick and Prestwich 2011, Prestwich
2011, Highley, Prestwich et al. 2016).

While HA hydrogels have been used in many regenerative medicine aspects for their
bioactive properties, there are many other situations where HA hydrogels are utilized
solely because of their flexibility as readily-modifiable biomaterials platforms. However,
these HA systems have been used in many applications where HA-based inputs to cell
adhesion and subsequent signaling are likely involved, such as increases in cellular
proliferation and migration (Evanko, Angello et al. 1999, Itano, Atsumi et al. 2002), and
improvements in MSC differentiation compared to biologically-inert PEG hydrogels
(Chung and Burdick 2009). Generally, these HA hydrogels are thought of as non-adhesive
substrates since they do not allow protein adsorption from serum and require RGD
modifications to enable cell attachment. However, this assumption is a vast
oversimplification. The main cellular adhesive receptors for HA are CD44 and RHAMM1,
though there are a host of other surface receptors that can bind HA including layilin and
ICAM-1 (McCourt, Ek et al. 1994, Borowsky and Hynes 1998). CD44 proteins share many
aspects and functionalities seen in integrin and cadherin adhesions (Figure 2-5). For one,
HA is mechanically coupled to the actin cytoskeleton through the ERM complex (“ezrin,
radixin, moesin”) binding to the cytosolic domain of CD44, where the ERM complex acts
as a scaffolding protein to attach F-actin to CD44 (Ponta, Sherman et al. , Wang, Lauer et
al. 2014). Additionally, CD44 clusters on the cell surface (Wang, Lauer et al. 2014), a
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global mechanism for adhesion stability and growth that is seen in multiple surface
receptor mediated adhesions, including integrins and cadherins, as reviewed in
(Changede and Sheetz 2017). Finally, the cytoplasmic domain of CD44 is implicated as a
director of RhoGTPase signaling (Bourguignon, Zhu et al. 2001, Bourguignon, Gilad et al.
2007), where it can act through various RhoGEFs to modulate RhoA and Rac1 activity,
further influencing the contractile state of the cell. Feedback of CD44 activation by HA can
also influence cellular contractility by inducing upregulation of integrins for other ECM
types (Lundell, McCarthy et al. 1997). Finally, CD44 has been shown to directly influence
the activation of other mechanosensing mechanisms, including clustering with other
surface adhesion receptors, influencing growth factor signaling, and activating Src activity
(Ponta, Sherman et al. 2003, Misra, Hascall et al. 2015).
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Figure 2-5 – Schematic of CD44 binding to hyaluronan. The extracellular domain
of CD44 binds to HA, with an MMP-cleavable domain near the plasma membrane.
The cytosolic domain of CD44 interacts with proteins involved in
mechanotransduction, including FAK, ERM, F-Actin, and various RhoGEFs.
Adapted from (Dzwonek and Wilczynski 2015).

Importantly, HA receptors such as CD44 and RHAMM1 have a strong influence on nearly
all the complex cellular behaviors mentioned in this review. Both CD44 and RHAMM1
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regulate expression and activity of various MMPs, inducing remodeling of the local ECM
environment and the development of stiffness heterogeneity in the local cellular
environment (Yu and Stamenkovic 1999). Additionally, these HA-binding receptors can
have synergistic signaling interactions with multiple matrix molecules in the niche such as
collagen or fibronectin (Isemura, Yosizawa et al. 1982, McDevitt, Marcelino et al. 1991,
Ponta, Sherman et al. 2003). There is also cell-mediated control of CD44 presentation
that can be modified via cell-secreted ADAM10 (Nagano, Murakami et al. 2004), opening
up the possibility that cells can regulate their surface CD44 availability and subsequent
influence of CD44 adhesion and signaling on the contractile state of the cell. This is
conceptually similar to a recent report that recombinant ADAM10 cleavage of N-cadherin
can increase the contractile state of the cell by removing the negative contractile influence
of cell-cell signaling in a microenvironment with both cell-ECM and cell-cell signaling
(Cosgrove, Mui et al. 2016).

To date, the mechanobiology of HA has been studied mostly in the context of cancer,
where HA plays an important role in cancer metastases. This work has provided important
insights into how HA can influence the mechanical state of a cell, such as through CD44/Factin linkage or increases in Rac1 activity which can subsequently induce protrusive
behavior and cellular migration. Outside of this realm, however, there has been little work
on how HA can contribute other important mechanobiologic processes, such as in cellular
differentiation or the maintenance of other phenotypes. Additionally, there have only been
a handful of mechanobiologic studies investigating how HA influences cellular
interpretation of substrate stiffness and other mechanical inputs (Chopra, Murray et al.
2014, Kim and Kumar 2014). One study found that cells on soft (E=300Pa) PEGDA-HA
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BioTime hydrogels exhibited robust differences in cell mechanics compared to cells on
equivalently soft PA hydrogels, behaving in some cases like the cells were on stiff PA
hydrogels (Chopra, Murray et al. 2014). However, the authors did not block either CD44
or RHAMM and monitor their effect in this system in order to confirm that these changes
were indeed induced by HA. These findings contrast a large body of work performed on
2D/3D HA hydrogel chemistries derived from covalently-crosslinked HA, such as
Methacrylated Hyaluronic Acid Hydrogels (MeHA) or Norborneyne Hyalornic Acid
Hydrogels (NorHA), which do not exhibit these same large increases in cell spreading
phenotype (Rape, Guo et al. 2011, Kim and Kumar 2014, Ondeck and Engler 2016). Cells
on these HA platforms additionally respond to CD44-blocking antibodies (Purcell, Elser et
al. 2012), indicating that downstream changes in cell phenotype on PEGDA-HA BioTime
hydrogels might be the result of complex changes in hydrogel structure or mechanics
induced by the PEGDA/HA tethering (Trappmann, Gautrot et al. 2012, Chopra, Murray et
al. 2014). However, it is important to note that there is clearly some mechanical
contribution of HA on mechanosensing, as we see higher nuclear YAP/TAZ fractions on
HA as compared to equivalently stiff PA gels (unpublished data), though these differences
are more modest and the mechanism is unclear. Evidence in this thesis points towards
this behavior partially being the result of HA-Rac1-induced changes in the mechanical
state of the cell (Cosgrove, Mui et al. 2016). Regardless, this work further motivates
important open questions, such as how, HA can modulate the mechanical state of the cell.
Taken together, this work supports the idea that most mechanobiolgic studies should be
carried out on HA-based hydrogel platforms in order to more correctly mimic the native
microenvironment, as hyaluronic acid is present in nearly every cellular niche in the body.
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2.3.3

Cell-Cell Mechanical Cues Modulating ECM Responsivity

While much of the focus in this review has been on cell-ECM interactions that occur in the
cellular niche, there are also non-matrix adhesive interactions present in cellular niches
that can control cellular behaviors – chief among these are cell-cell adhesive interactions.
These cell-cell contacts are the main source of mechanical interaction at early stages of
development, and eventually yield to cell-ECM interactions in a tissue-specific fashion as
cells begin to secrete matrix components (Kalson, Lu et al. 2015). These cell-cell
interactions are mainly governed by the cadherin family of transmembrane adhesive
proteins, though these interactions can also be mediated by a variety of less predominant
proteins, including nectins and IgG-family CAMs. The main cell-cell adhesive interaction
arises from the homotypic interactions of cadherins from one cell to cadherins on a
neighboring cell. The extracellular domains of cadherins consist of multiple repeat
domains that are essential for adhesive interactivity, followed by a transmembrane region,
and then an intercellular domain that functions as both a signaling hub and a linkage to
the actin cytoskeleton. As such, cadherins play an essential role in development and
disease. Cell-cell interaction through cadherins can result in robust changes in cellular
phenotype, due to the dual functional role of these proteins in signaling and adhesivity.
While there are many sub-types of cadherin, the three most commonly expressed and
studied types are E-cadherin, N-cadherin, and VE-cadherin. Each of these cadherin subtypes have the same general adhesive mechanisms, but vary in the results and mediators
of their downstream signaling (Sayegh, Kapus et al. 2007). Importantly for stem cell
differentiation, cadherins can signal through the Hippo pathway and become a negative
regulator of YAP/TAZ localization in dense cell culture conditions (Gumbiner and Kim
2014), altering proliferation, migration, and differentiation (Dupont, Morsut et al. 2011).
Besides the Hippo pathway, cadherins are heavily involved in the Wnt/NF-κB, and Rho
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GTPase signaling pathways (Sayegh, Kapus et al. 2007, Heuberger and Birchmeier
2010). On a mechanical level, cadherin also functions to enable complex multi-cellular
behaviors such as collective migration and wound closure (Cai, Chen et al. 2014).

Since cadherin plays a large role in tuning the mechanical state of the cell through
signaling and adhesion, it is important to consider crosstalk between cell-cell signaling
and cell-ECM signaling when designing biomaterials (Weber, Bjerke et al. 2011, Mui, Bae
et al. 2015, Mui, Chen et al. 2016). It has long been known that dense cell culture and the
increased cell-cell interaction because of this cellular density can have profound impacts
on cellular behaviors such as differentiation (McBeath, Pirone et al. 2004), though
decoupling cell-cell interactivity from reduced cell-ECM adhesive cues remains difficult.
One approach to induce adherens junction formation while controlling ECM interaction
was to micropattern adhesive islands while forcing some degree of overlap between the
two islands, thereby inducing cell-cell interaction while restricting cell-ECM area (Liu, Tan
et al. 2010, Mui, Bae et al. 2015). However, experimental issues still remain with respect
to varying cell-cell contact length in these systems, as adherens junctions can form on the
diagonal axes and are not always consistent in adhesive area. One of the most widely
adopted tools for studying cadherin mechanobiology is the Fc-tagged recombinant
cadherin extracellular domain, which can be conjugated to biomaterials systems (Lambert,
Padilla et al. 2000, Nagaoka, Koshimizu et al. 2006, Yue, Murakami et al. 2010, Fichtner,
Lorenz et al. 2014, Vega, Lee et al. 2016). The advantage of this platform is that the native
molecule conformation can be used, and cells can form reinforced adherens junction-like
structures on these substrates (Tsai and Kam 2009, Chopra, Tabdanov et al. 2011). Yet,
due to the size and chemistry of these molecules, adaptability and “off-target” interactivity
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of these molecules becomes an issue, where at certain densities it is likely that the Fccadherin molecules form trans-dimers and other structures.

While short peptide mimics of adhesive domains in ECM proteins have been widely
incorporated into biomaterials design, there has only recently been a focus on the
incorporation of short peptide mimics for cell-cell adhesive domains (Williams, Williams et
al. 2000, Williams, Williams et al. 2002). This is in part due to the complexity of binding
and signaling interactions within cadherins, as there are multiple states of binding for a
cadherin-cadherin binding pair (X-dimer, strand-swapped dimer) as well as a more
complex set of reinforcement adhesive sites that are crucial for cis- and trans- cadherin
mechanical interactions (Hoffman and Yap 2015, Priest, Shafraz et al. 2017). However,
one key short peptide sequence has been discovered in E-cadherin and N-cadherin, the
HAV adhesive motif. This motif appears to mediate a large degree of cadherin adhesivity
(Williams+, JCB, 2000). Originally developed for use as a cancer therapeutic agent, the
HAV motif is located in the EC1 domain of type-1 cadherin molecules, and, when added
as a soluble antagonist, has been shown to mediate up to 90% of cadherin adhesivity
(Figure 2-6)(Williams+ JBC 2000). Similar to flanking RGD motifs and tertiary structure in
integrin specificity (Hersel, Dahmen et al. 2003), the flanking resides to the HAV peptide
have also been shown to provide for specificity between E-Cadherin and N-Cadherin;
where HAVS mediates the E-Cadherin interactions and HAVDI mediates the N-Cadherin
interaction (Williams, Williams et al. 2000, Williams, Williams et al. 2002).
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Figure 2-6 – The HAVDI domain on N-Cadherin mediates the strand-swapped
dimer formation (inset). Adapted from (Brasch et al. 2012, Gumbiner 2005).

Despite these advances, there is still much unknown about the function of the HAV motif.
This motif resides in the hydrophobic pocket of the EC1 domain of type-1 cadherins
(Nardone, Lucarelli et al. 2016), which is responsible for mediating the stable strandswapped dimer formation. While there exist other adhesive domains in N-Cadherin, there
is an extensive set of literature that demonstrates the critical role of the HAV adhesive
domain within the EC1 repeat of type-1 cadherins in cadherin specific responses in
development, including data from both in vivo and in vitro studies (Halbleib and Nelson
2006, Sayegh, Kapus et al. 2007). Structural studies have revealed that the cadherinHAV interaction is the key mechanical interaction for the stable mechanical linkage
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(strand-swapped) between two single cadherin molecules, and it is likely that the HAV
motif alone does not allow for all of the more complex binding interactions that happen
during adhesions junction formation, such as EC4-EC4 linkage and trans-cadherin binding
(Hoffman and Yap 2015). Other work has illustrated other minimal peptides from cadherin
that can have downstream effects on cellular behavior, such as IKVAV and INSPG
(Williams, Williams et al. 2001), though these seem to play a less crucial role in signaling
compared to the HAV domain (Schense, Bloch et al. 2000). Similarly, previous work has
shown that the first two extracellular domains of cadherin (in which the HAV motif resides)
allow for weak adhesive interactions when compared to the full ectodomain of cadherin
(Fichtner, Lorenz et al. 2014, Vega, Kwon et al. 2016). Indeed, our unpublished data
supports the fact that mesenchymal cells cannot robustly attach and spread on to
substrates containing HAVDI, whereas cells can reliably attach onto fc-N-cadherin coated
substrates of any stiffness. This suggest that cells require other adhesive domains for
robust attachment and adherens junction formation, and that the HAVDI peptide mimics
early cadherin-cadherin binding without cis- or trans- reinforcement.

That is not to say that dense adherens junctions are the only structures of relevance for
cadherin signaling. In this context, it is important to consider microenvironmental polarity
and dynamics, as most work on cadherin mechanobiology has been done in the context
of reinforced E-cadherin/VE-cadherin adherens junctions that are typical of most cellular
niches in stable patent environments such as the vessel lumen (Mui, Bae et al. 2015).
However, not all cellular niches are permissive to adherens junction formation, such as
the mesenchymal cell niche. In this niche, N-cadherin is the dominant cadherin, and cellcell contacts show almost no order. This is compounded with the high degree of cell
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motility, with cells rarely staying in one place long enough to allow reinforced adherens
junctions to form beyond a specific point in development. As such, many of the engineered
systems that engender adhesive junction formation are not directly relevant to this niche.
In these environments, HAVDI presentation is likely a closer mimic to the cell-cell
interactions these cells would experience, where transient cadherin adhesion likely plays
a role in signaling in lieu of mechanical reinforcement of an adherens junction.

Further development on HAV peptide structure is likely needed to recapitulate full
adherens junction formation. There are two possible explanations as to why there are not
robust adherens junctions with the HAV peptide. It could be either structural or could
involve incorporation of multiple synergistic binding interactions. Perhaps the length scale
and flexibility of the HAV peptide is important, as more stable HAVDI bonds might be
formed if a flexible linker was incorporated in peptide design in order to more robustly bind
in the W2 pocket of the cellular cadherin. Or, similar to the synergistic binding effects of
RGD with the synergy sequence PHSRN (Aota, Nomizu et al. 1994, Redick, Settles et al.
2000), more complex structure and presentation schema of additional domains, such as
the residues found in EC4, might be needed to allow for tight adherens junction formation.
Regardless, the HAV motif remains an exciting tool for use as a therapeutic modification
to biomaterials to better tune cell-material interactions and the subsequent interpretation
of substrate stiffness (Cosgrove, Mui et al. 2016) or engender other cellular responses
(Bian, Guvendiren et al. 2013, Lim, Mosley et al. 2016, Lim, Khan et al. 2017). While the
HAV motif lacks the complexity of full adherens junction, future work to study stem cell
interactions with materials as well as future development of this residue could potentially
increase the usefulness of this interaction in directing a wider array of cellular behaviors.
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Many questions about cadherin adhesivity remain, and our knowledge of cadherin binding
still lags behind our knowledge of integrin binding. However, new technologies are quickly
providing mechanistic insights into cadherin adhesivity (Manibog, Li et al. 2014, Manibog,
Sankar et al. 2016), organization (Bertocchi, Wang et al. 2017) and signaling (Yao, Qiu et
al. 2014), and this knowledge will hopefully allow for the more precise design and control
of cell-cell interactions to create more native-like biomaterials.

2.5

OUTLOOK

Biomaterials advances are allowing us to better probe how cells integrate and interpret
their mechanical microenvironment to dictate important downstream behaviors. While we
mostly focused here on time-invariant cues, it is important to consider that the appropriate
timing of these signals is one of the most important aspects in dictating the cellular
response. Thus, design of biomaterials that are time-variant is of crucial importance.
While not discussed at great length in this review, this class of materials has been
previously reviewed and comprehensively described in (Burdick and Murphy 2012,
Rosales and Anseth 2016). Many questions remain with respect to how cells adapt to and
remodel their surrounding environment. We know that one of the central downstream
outcomes of matrix remodeling is the clustering of adhesive ligands, so it is likely that
these responses arise from a tensional homeostasis that the cells are trying to maintain
(Chaudhuri, Gu et al. 2015). Fitting with this concept is the fact that these responses seem
to be emergent and depend on the precise coordination of many biophysical cues. There
is clearly a dependence on ligand density for the responses, where some only occur at
high ligand densities, while others only occur when the density of these ligands is low.
However, one unifying feature is that the matrix stiffness needs to be sufficiently low for
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these remodeling events to occur, and cells cannot generate sufficient levels of stress to
sufficiently deform and remodel stiffer networks. Additionally, the exact driver of these
responses is unclear; does cellular remodeling of the environment increase the local
stiffness of this microenvironment, or does it just increase the adhesive ligand density
enough to allow for increased clustering, adhesion formation, and the subsequent
increase in the contractile state of the cytoskeleton?

As work continues with degradable and 3D gel systems, another important consideration
is how and whether artificial ligands presented to cells enables proper network formation
at longer time scales. While these well engineered and precisely tailored cues are being
presented at time zero to cells in these environments, it is important to understand that
almost every cell type will begin to secrete their own matrix within the span of a few days.
Given this fact, it is likely that some degree of the responses witnessed at long time scales
are the result of the cell interacting predominantly with this new pericellular matrix instead
of the biomaterial. At these timescales, the mechanical properties of the biomaterials likely
are not directly inductive but rather may be influencing the organization and ability of a cell
to secrete additional matrix, as is seen in studies with agarose (McLeod and Mauck 2016).
With this in mind, utilizing materials that can undergo cell-mediated degradation may help
provide a more natural transition from the initial conditions we provide to these cells, and
the environment that these cells create at longer timescales. When still focusing on short
time points, these new material platforms will hopefully allow for further investigation and
clarity of how multiple biophysical inputs are integrated by cells in more-native like systems
where reorganization is present, both on hyper-local scales and on long-range scales.
Some potential platforms that we will see increased reliance on in the future could
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additionally include electrospun hydrogel platforms (Kim, Khetan et al. 2013, Baker,
Trappmann et al. 2015), which better mimic the native fibrous tissue architecture.
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CHAPTER 3: MECHANO-ADAPTATION OF THE STEM CELL
NUCLEUS

3.1

OVERVIEW

Mechanical forces play a key role in numerous cellular processes, including adhesion,
migration, and differentiation and, at the organismal level, direct tissue development,
morphogenesis, and regeneration. In the 1990’s, Maniotis and colleagues first
demonstrated that an exogenous mechanical force applied to a cell resulted in nuclear
deformation, leading to the hypothesis that mechanical forces could directly regulate gene
expression (Maniotis, Chen et al. 1997). Two decades later, new technologies enabled
the demonstration, for the first time, that physical forces acting at the cell boundary and
through the cytoskeleton can indeed reposition chromatin segments and alter expression
over very short timescales (Tajik, Zhang et al. 2016). In order for this mechanotransduction event to occur, exogenous force must be translated through cytoskeletal
elements that connect the nucleus to the outside world. Over the past decade, these
cytoskeletal-to-nuclear connections and structures have been increasingly well defined
and their role in mechanotransduction demonstrated (Wang, Tytell et al. 2009, Guilluy,
Osborne et al. 2014, Driscoll, Cosgrove et al. 2015). Indeed, a growing body of literature
now suggests these elements are not only required for changes in mechanically-activated
signaling and changes in gene expression (Driscoll, Cosgrove et al. 2015, Tajik, Zhang et
al. 2016), but also that they are dynamic, with their structure, connectivity, and
reinforcement changing in response to mechanical loading. Likewise, it has been shown
that the nucleus itself is not only the stiffest organelle in the cell, but that its internal
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structure (and mechanical properties) can adapt over short and long time scales in
response to mechanical perturbation (Philip and Dahl 2008, Swift, Ivanovska et al. 2013,
Guilluy, Osborne et al. 2014). Thus, multiple and temporally dynamic components act
cooperatively to regulate the mechanical state of the nucleus and gene expression, and
feed back to regulate the mechanical state of the whole cell.

Mechano-adaptation is characterized by the dynamic remodeling of a protein or complex
of proteins in response to applied force, due to either a direct physical change in structure
or complex organization or through a physically-induced signaling pathway that elicits the
same change. In focal adhesions, for example, growth and/or shrinking is due to force in
the actin cytoskeleton causing force-induced unfolding, revealing cryptic binding domains
that enable assembly of larger structures (del Rio, Perez-Jimenez et al. 2009). Similar
force-induced unfolding events have been reported in cadherin-based cell-cell adhesions
as well (Yonemura, Wada et al. 2010, Yao, Qiu et al. 2014). In this article, we review the
myriad of ways in which components of the stem cell nuclear force sensing machinery
undergo mechano-adaptation in response to exogenous forces, and importantly, how this
dynamic feedback can both inform and enforce lineage specification in stem cells. This
perspective will focus on mechano-adaptation in three distinct compartments: 1) the
connection between the cytoskeleton and the nucleus (the LINC complex), 2) the nuclear
lamina, 3) the epigenome (including the lamina-to-chromatin interface and the chromatin
itself).
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3.2

NUCLEAR STRUCTURE, CONNECTIVITY, AND THE EPIGENOME

The nucleus is the largest organelle and signaling center of the cell and contains the
majority of the cellular genetic material. This includes multiple long linear DNA/chromatin
molecules that are coupled to histones and other structural proteins (lamins and other
nucleoskeletal proteins) that help to establish nuclear shape and mechanics. Collectively,
this structure is referred to as the epigenome. At the inner nuclear envelope, a specialized
set of proteins associate to form the nuclear lamina. Predominant in this region is the
protein lamin, a type V intermediate filament that reinforces the nuclear envelope (Turgay,
Eibauer et al. 2017) and modulates transcription (Herrmann, Bär et al. 2007). While Btype lamins are present in all cells, A-type lamins are expressed only in differentiated cells,
where they form mesh network on the inner nuclear membrane (INM) and are present in
the nucleoplasm in soluble form (Dahl, Ribeiro et al. 2008).

The nucleus (and its contents) is also physically tethered to the cytoskeleton through a
protein collective known as the Linker of Nucleus and Cytoskeleton (LINC) complex.
Compared to the actin cytoskeleton and its connections to the external environment (via
adhesion complexes), less is known about the LINC complex. Two principle components,
nesprin and SUN proteins, span the nuclear envelope and connect the nuclear lamina to
the actin cytoskeleton. Due to alternative splicing, there are many nesprin proteins, each
with distinct nuclear connectivity and cellular distribution; the largest isoforms are dubbed
“giant” due to their large size. The N-terminus of the giant isoforms for Nesprin-1 and -2
contain a calponin homology (CH) domain that links to F-actin. Other giant nesprin
isoforms bind to microtubules via kinesin-1 (Nesprin-4) and intermediate filaments via
plectin (Nesprin-3).

The C-terminus of giant nesprin isoforms has a KASH domain,
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through which they insert into the outer nuclear membrane and interact with SUN proteins.
SUN proteins (also known as UNC-84) reside in the perinuclear space and span the inner
nuclear membrane, where their N-termini interact with the nuclear lamina (both Lamin A/C
and B1/2). This allows for a physical anchorage of these complexes, enabling exogenous
force transmission through the cytoskeleton to the nuclear lamina. SUN proteins can
additionally associate with nuclear pore complexes (Liu, Pante et al. 2007), emerin
(Haque, Mazzeo et al. 2010), and other INM proteins (Borrego-Pinto, Jegou et al. 2012).
Proper strain transfer to the nucleus and subsequent nuclear remodeling in response to
exogenous force depends on this physical linkage (Lombardi, Jaalouk et al. 2011, Guilluy,
Osborne et al. 2014, Driscoll, Cosgrove et al. 2015) ), as will be described below.
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Figure 3-1 – Structure of the LINC Complex. Adapted from (Isermann and
Lammerding 2013).

3.3

MECHANO-ADAPTATION OF NUCLEAR STRUCTURAL ELEMENTS

3.3.1

Mechano-adaptation of the LINC Complex

Nuclear connectivity through the LINC complex is essential for many cell functions,
including development and differentiation (Luo, Lee et al. 2016), and likewise plays a role
in disease and aging (Yang, Zheng et al. 2015). Given the similarity between LINC
complexes and transmembrane adhesive complexes, such as focal adhesions (mediating
ECM interactions) and adherens junctions (mediating cell-cell interactions), many have
speculated that higher-order LINC complex structures exist at the nuclear boundary and
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that these may respond to changing mechanical inputs. Indeed, Luxton and colleagues
showed that clusters of LINC complexes are enriched directly under apical stress fibers
running over the nucleus; they dubbed these structures ‘TAN lines’ (for Transmembrane
Actin-Associated Nuclear lines) (Figure 3-2)(Luxton, Gomes et al. 2010, Folker, Östlund
et al. 2011, Kutscheidt, Zhu et al. 2014).

The notion of mechanical force transmission through nesprins was recently supported by
the development of a mini-Nesprin-2G isoform (lacking some of the spectrin repeats)
engineered to act as a FRET-based tension sensor. Studies using this molecule showed
that nesprins are indeed under tension, a requirement for participation in force-induced
signaling

mechanisms

(Arsenovic,

Ramachandran

et

al.

2016).

Combining

micropatterning approaches with this tension sensor also have supported the idea that the
LINC complex bears increased loading with increased cytoskeletal force. However, given
that this construct lacked spectrin repeats normally present in the full length molecule,
additional work will be required to determine how the native protein operates and remodels
under changing load (Graham and Burridge 2016). For instance, mechano-adaptation at
this LINC complex might also be achieved by additional protein interactions, such as
FHOD1, an actin bundling formin. This molecule has binding domains for both nesprin
and actin, and could function to organize LINC complexes under load (Kutscheidt, Zhu et
al. 2014). In fact, FHOD1 interactions (in 2D) are required for ‘TAN lines’ to form with
changing boundary conditions (i.e., in a scratch assay). Adding to this complexity, an inner
nuclear membrane (INM) protein, Samp1, is also enriched in TAN lines and is required for
proper TAN line formation, due to its role in reinforcing the connection of SUN proteins
with the nuclear lamina (Figure 3-2)(Borrego-Pinto, Jegou et al. 2012).
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Figure 3-2 – (top) Imaging of TAN lines via transduced GFP-miniNesprin2G
isoforms. Adapted from (Kutscheidt, Zhu et al. 2014). (bottom) Schematic
representation of a TAN line. Adapted from (Borrego-Pinto, Jegou et al. 2012).

Moving forward, additional studies will be required to map out the constituents of these
nuclear-to-cytoskeletal adhesion complexes and how they mechano-adapt over time time
and with applied force. Single molecule localization microscopy (SMLM) approaches are
beginning to provide additional insight into LINC complex composition and morphology
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(Kanchanawong, Shtengel et al. 2010, Bertocchi, Wang et al. 2017). Additional work in
this area is required to appreciate how such mechano-adaptation occurs on a physical
basis. Likewise, live cell imaging probes that report back on the stress in these molecules
will be essential for probing the kinetics and response functions of this mechanoadaptation. Similar approaches were central to our understanding of focal adhesion
dynamics, though the large size of nesprin giant makes delivery and/or expression of full
length molecules a greater challenge. Nevertheless, studies such as these are beginning
to establish the complement of proteins in the LINC complex that regulate mechanoadaptation of this critical linkage of the nucleus to the cytoskeleton (and so the
extracellular environment).

3.3.2

Mechano-adaptation of the Nuclear Lamina

While the LINC complex is responsible for transmitting cytoskeletal forces to the nucleus,
the nuclear lamina itself plays a critical role in translating and adapting to exogenous
external forces . Early studies revealed the central role of lamin A/C in defining nuclear
shape and stiffness, with knockdown of this molecule resulting in changes in nuclear
morphology at baseline and increased nuclear deformation, defective signaling, and
impaired viability when cells were exposed to mechanical perturbation (Lammerding,
Schulze et al. 2004). Recent work by Swift and colleagues likewise showed that the state
of the nuclear lamina adapts to its surrounding environment. That is, the ratio of lamin A/C
to lamin-B scaled with surrounding tissue micro-elasticity, where nuclei situated within
stiffer tissues contained higher amounts of lamin-A/C compared to those in softer tissues
(Swift, Ivanovska et al. 2013). It has been suggested that the assembly/disassembly of
lamins is be mediated by force-induced changes in lamin conformation. For instance,
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different lamin antibodies show changes in accessibility as a consequence of altered force
generation within the the cell (Ihalainen, Aires et al. 2015). Taken together, this work
suggests the existence of a mechano-active feedback loop in the nucleus, where external
mechanical inputs result in differential cytoskeletal pre-stress, altering lamin A/C
expression, and ultimately nuclear mechanics (Swift, Ivanovska et al. 2013).

Importantly, this adaptive regulation of lamin A/C also plays a role in stem cell
differentiation. Early micropipette aspiration studies showed large increases in nuclear
stiffness as cells transitioned from an embryonic to a differentiated state, and this increase
in nuclear stiffness depended on lamin A/C (Pajerowski, Dahl et al. 2007). Indeed, one
hallmark of embryonic stem cells is their lack of lamin-A/C (Zuo, Yang et al. 2012). While
only B-type lamins (but not A-type lamins) are found in undifferentiated mouse and human
embryonic stem (ES) cells, differentiation is accompanied by the onset of A-type lamin
expression (Constantinescu, Gray et al. 2006). Lamin A/C content can also regulate
differentiation potential in stem cells; knockdown or overexpression of lamin A/C in
mesenchymal stem cells (MSCs) strongly modulates their adipogenic and osteogenic
potential and interpretation of biophysical cues from the microenvironment (Swift,
Ivanovska et al. 2013).

While expression-mediated changes in lamin A/C can change nuclear mechanics over
hours to days, other mechanisms allow for a more rapid mechano-adaptation of the
nuclear lamina. For example, Philip et al. reported changes in lamin A concentration and
organization in HeLa cells in response to fluid-induced shear stress (Philip and Dahl 2008).
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Buxboim and colleagues also showed dynamic remodeling and degradation of lamin A/C
under conditions of altered cell tension, and that the nucleoplasmic fraction had a greater
mobility than that which was assembled into the cortical shell (Buxboim, Swift et al. 2014).
Introduction of phospho-mutants of lamin A/C revealed that specific residues control this
complexation at the nuclear membrane (Kochin, Shimi et al. 2014) and that nuclear
stiffening occurs through increased incorporation of soluble lamin A/C at the nuclear
lamina. Cells in low-tension microenvironments had more phosphorylated lamin A/C,
resulting in increased degradation (Buxboim, Swift et al. 2014, Cho, Irianto et al. 2017).
This concept of dynamic remodling of the lamina is supported by recent work from Guilluy
et al, who showed that, in isolated nuclei, recruitment of lamin A/C to the LINC complex
(and nuclear lamina) occurred when mechanical tension was applied via nesprin coated
beads (Guilluy, Osborne et al. 2014). This response depended on emerin, a protein that
shuttles between the nuclear membranes and plays a role in response to mechanical cues
(Ho, Jaalouk et al. 2013). Similarly, in mesenchymal stem cells exposed to dynamic
tensile loading, lamin A/C cortical reorganization was observed within a few days of
loading onset (Heo, Driscoll et al. 2016). These changes likely reflected both increased
lamin A/C production coupled with force-induced depletion of the soluble Lamin-A/C pool.
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Figure 3-3 – Lamin-A/C mechano-adaptation schema for how tension on the
network can regulate protein degradation. Adapted from (Buxboim, Swift et al.
2014).

While the above studies shed light on the dynamic role of lamin A/C in nuclear mechanoadaptation, there are almost certainly other factors that regulate this process.

For

instance, the INM protein LAP2alpha mediates interactions between chromatin,
transcription factor binding sites on promoters, and nucleoplasmic Lamin-A/C (Gesson,
Vidak et al. 2014). Interestingly, epithelial cells from LAP2α-deficient mice contain no
nucleoplasmic lamin A/C, and this can be reversed with re-expression of full length LAP2α
(Naetar, Korbei et al. 2008). This mechanism seems to be operative in stem cells as well,
as loss of nucleoplasmic lamin A/C during myoblastic differentiation is strongly correlated
with a loss of LAP2α (Markiewicz, Ledran et al. 2005). Moving forward, it will be important
50

to establish the key regulators of this dynamic remodeling process at the nuclear lamina,
and the role that mechanical forces play in its regulation.

3.3.3

Mechano-adaptation in the Epigenome

As noted above, mechano-adaptation of the nucleus in response to mechanical cues can
occur at the connection to the cytoskeleton and at the level of the nuclear lamina. These
mechano-adapative processes extend to the epigenome as well, where mechanical forces
can alter the organization and compaction of the chromatin itself as well as how these
structures associate with the nuclear lamina. Epigenetics can be broadly defined as the
heritable, non-genetic changes which link genotype to phenotype (Goldberg, Allis et al.
2007). The genome is physically compacted and organized within the nucleus as
chromatin, the combination of DNA and its tightly associated proteins. Chromatin structure
is dictated to a great extent by DNA methylation and the organization of nucleosomes, or
linear DNA wrapped around histone octamers. In mammals, DNA methytransferases
(DNMTs) catalyze methylation of cytosine residues in CpG dinucleotides, with context
dependent roles in regulation of chromatin structure and gene expression (Jones 2012).
Additionally, amino acid residues in histone sub-units undergo a variety of post
translational modifications, influencing the binding affinities of nucleosomes and in turn
the spatial organization and transcriptional activity in the local environment (Bannister and
Kouzarides 2011). An additional layer of regulation is conferred by structural proteins,
which organize chromatin into three dimensional loops and domains (Pombo and Dillon
2015).

The nature, time scale, and degree of force-induced remodeling of the epigenome depend
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on the specific mode and parameters of the mechanical input. Initial studies in this area
showed that dynamic loading causes changes in chromatin condensation, altering both
mechanical properties of the nucleus as well as transcriptional activities. For instance, a
single force pulse of 1.25 nN generated by plasma membrane adhered magnetic beads
resulted in rapid (< 5s) chromatin decompaction (Iyer, Pulford et al. 2012). Conversely,
tensile loading of MSCs (applied across the entire cell) resulted in chromatin condensation
as soon as 10 minutes after the initiation of loading (Heo, Driscoll et al. 2016), and
depended on the activity of histone modifying enzymes (i.e., the histone methyltransferase
EZH2) (Heo, Thorpe et al. 2015). Importantly, both responses required a patent,
contractile actin cytoskeleton (and nuclear connectivity), as pharmacological disruption of
cell contractility abrogated this force-induced chromatin remodeling.

Chromatin remodeling evoked by mechanical loading can also alter the mechanical
properties of the nucleus. Prior to lineage commitment, ES cells downregulate
pluripotency markers, decondense their chromatin, and their nuclei soften (Chalut, Höpfler
et al. 2012). Chemical modification of chromatin condensation via condensers (e.g., MgCl2
and CaCl2) and decondensers (e.g., Trichostatin A (TSA) and 5-AZA-2′-deoxycytodine
(AZA)) stiffens and softens the nucleus, respectively (Chalut, Höpfler et al. 2012). This
supports a linkage between the chromatin condensation state and overall nuclear
mechanics, as ES cells lack lamin A/C (and thus the ability to change nuclear mechanics
through regulation of the nuclear lamina). Interestingly, the threshold for mechanoadaptation through chromatin condensation (as opposed to the nuclear lamina) appears
to depend on the level of mechanical input. That is, manipulation of individual nuclei
showed that small deformations (<3um) drove changes in chromatin remodeling while
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larger deformations elicited alterations in lamin A/C organization (Stevens, Lando et al.
2017). Similarly, chromatin condensation in MSCs induced by 10 minutes of dynamic
loading coincided with reduced nuclear deformability (Heo, Han et al. 2016), a time period
too short for alterations in the level or organization of the nuclear lamina. Further, in these
dynamically loaded MSCs, marks of chromatin condensation (H3K27me3) became
apparent after only one day of loading, while reorganization of the lamina took several
days (Heo, Driscoll et al. 2016). Together, these findings implicate chromatin remodeling
in the stiffening of the nucleus in response to mechanical stimuli, and suggest that
mechano-adaptation of the epigenome can occur more rapidly than mechano-adaptation
of nuclear lamina.

While the above clearly implicates chromatin structure and state as a mechano-responsive
element in stem cell nuclei, how this is regulated within the epigenome remains largely
undetermined. Early studies on the mechanical regulation of the epigenome hint at its
complex role in governing cell function and differentiation. In vitro, fluid shear stress
modulates the activity of histone deacetylases (HDACs) in vascular endothelial cells, with
functional implications in their inflammatory, oxidative, and inflammatory responses, as
well as differential expression of genes linked to atherosclerosis (Lee, Lee et al. 2012).
Additionally, physical cues can drive loci-specific and global changes in epigenetic marks,
with corresponding changes in cell pluripotency and program. In mouse MSCs, oscillatory
fluid flow decreased DNA methylation of bone a bone-specific gene promoter
(osteopontin), with a corresponding increase in expression of that gene (Arnsdorf,
Tummala et al. 2010). Mechanical stimulation via cyclic mechanical stretch also
decreased HDAC1 activity in MSCs undergoing osteogenesis, with associated increase
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in Notch signaling and bone formation (Wang, Zimmerman et al. 2016). In mouse induced
pluripotent stem cells (IPSCs), cell geometry and interactions with the mechanical
microenvironment led to globally increased levels of H3 acetylation and methylation, with
the magnitude of these changes comparable to that evoked by chemical regulators
(valproic acid and TCP). These changes ultimately improved reprogramming efficiency
(Downing, Soto et al. 2013). Dynamic tensile loading of human epithelial progenitor cells
resulted in an emerin/nuclear actin-mediated global reduction in transcription and increase
in H3K27me3, as well as a switch from the constitutive heterochromatin marker H3K9me3
to H3K27me3 (Le, Ghatak et al. 2016).

These mechanically induced changes in chromatin confirmation and anchorage can
profoundly impact transcription regulation, both directly and indirectly. For instance, it has
recently been demonstrated that physical deformation at the cell boundary can percolate
through the cell and into the nucleus. In one recent study, very large artificial chromosome
constructs were inserted into the genome followed by stretch applied through magnetic
beads (Figure 3-4) (Tajik, Zhang et al. 2016). Based tracking of GFP localizations along
the insert, the authors were able to demonstrate that perturbations at the cell boundary
led directly to physical deformation of the genome, and that this deformation changed
transcriptional activity from that locus. This suggests that direct transfer of force from the
extracellular environment to chromatin can alter gene expression. As such, any change
in the confirmation or physical properties of the epigenome (as occurs with mechanoadaptation of the nucleus) would be expected to modulate this phenomenon. Changes in
chromatin density can also alter transcriptional activities in an indirect manner.

For

instance, when nuclei were stiffened by MgCl2 treatment, chromatin rapidly condensed
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and the nuclei stiffened. When these cells with stiffer nuclei were exposed to stretch, they
initiated calcium signaling at a lower threshold, and to a greater extent as compared to
cells with softer nuclei (Heo, Driscoll et al. 2016). Thus, the physical properties of the
nucleus, regulated by chromatin condensation state, may act as a mechanical rheostat,
adjusting the sensitivity of a cell to physical perturbation.

Figure 3-4 – Schematic showing force-induced changes in chromatin deformation
and subsequent gene expression. Adapted from (Tajik, Zhang et al. 2016) and
(Kirby and Lammerding 2016).

3.4

CONSEQUENCES OF NUCLEAR MECHANO-ADAPTATION

Mechano-adaptation of the stem cell nucleus happens across length scales, from its
connection to the cytoskeleton to the nuclear lamina to the epigenome. These mechanoadapative events can happen over a short time scales, via force induced alterations in
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protein assemblies or by changing the activities of key enzymatic modifiers of the
substructures. When the inputs driving such processes continue over longer times, a more
fundamental and persistent mechano-adaptation can occur via synthesis of new or
additional components, and this longer term adaptation can regulate how subsequent
physical signals are interpreted by the cells (Figure XX). In essence, the culmination of
these inputs contributes to the ‘mechanical memory’ of these cells, mediated by mechanoadaptation of the nuclear lamina, its connections, and the state of the epigenome. A
growing body of evidence supports this concept. For instance, Yang and colleagues
demonstrated that MSCs pre-cultured on stiff substrates for longer periods of time retained
a ‘stiff’ phenotype in terms of nuclear localization of YAP and RUNX2 even after transfer
to a softer material. Interestingly, they showed this to be a dose-dependent phenomenon,
where mechanical dosing on stiff substrates for short periods resulted in transient
activation while longer mechanical dosing resulted in permanent activation (Yang, Tibbitt
et al. 2014). Hinz and colleagues showed the functional implications of such mechanical
memory, where MSCs expanded on stiff culture substrates induced a pro-fibrotic program
(and increased scar formation in an in vivo model), while those primed on a soft substrate
did the opposite (Li, Talele et al. 2016). They further identified expression of the noncoding microRNA miR21 as a potential mediator of this memory. Results from our group
further expand this concept, and suggest that mechanical memory, at least in part, resides
in mechano-adaptation of the epigenome. That is, not only did dynamic loading induce
chromatin condensation in MSCs, but repeated cycles of loading led to a greater degree
of chromatin condensation and this condensation persisted for longer periods of time after
the cessation of loading (Heo, Thorpe et al. 2015). Importantly, the persistence of this
chromatin condensation was dependent on epigenomic modification, as application of a
small molecule inhibitor to EZH2 (a chromatin remodeler) completely abrogated the
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response. Taken together, these results suggest that classic mechanotransductive signals
such as transcription factors, non-coding RNA, and effectors of histone and chromatin
modifications are critical drivers and outcomes of mechanical memory; nevertheless, the
precise details of their mechanical regulation remains to be determined.

3.5

SUMMARY AND CONCLUSIONS

The experimental evidence discussed in this chapter outlines the current understanding
of mechanical adaptation of the stem cell nucleus. Mechanical signals are propagated
from the extracellular environment through a patent cytoskeleton to the nucleus (and subnuclear structures). Following this, physical signals are, by a variety of mechanisms,
transduced to molecular, biochemical, organizational, or structural outputs which in turn
adjust the mechanobiological state, serving to adapt cellular machinery to future
mechanical input, as well as drive functional outcomes. Mechanical memory, then, refers
to a specific subset of the cellular mechano-adaptive response where, following a level of
mechanical input (i.e., a “mechanical dosage”) which exceeds some threshold, the outputs
resulting from the mechanotransductive response persist long past the cessation of the
original mechanical cue and continue to influence both the cellular mechano-response as
well as functional behavior of the cell. Similarly, mechanically-mediated differentiation is
the accumulation of mechanical adaptation and mechanical memories past the threshold
of terminal differentiation. Thus, future study of these mechano-adaptive mechanisms and
mechanical memory will further help our understanding of how these signals can influence
stem cell differentiation and phenotype commitment.
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CHAPTER 4: ASSAYING CELL MECHANOBIOLOGY:
TRACTION FORCE ASSAY DEVELOPMENT AND
REFINEMENT

4.1

INTRO AND EXPERIMENTAL PROCEDURES

4.1.1

Introduction

For many years, the methodologies involved in measuring cellular contractility were
indirect at best, and involved imaging bulk contraction of collagen gels with embedded
cells (Bell, Ivarsson et al. 1979), silicone membrane wrinkling assays (Harris, Wild et al.
1980), or via immunostaining for various cytoskeletal components. However, in 1996,
Dembo and colleagues published the first papers outlining a method that is now referred
to as traction force microscopy (TFM) (Dembo, Oliver et al. 1996, Dembo and Wang 1999).
Measuring traction force has proven to be a powerful tool given that contractility and
traction generation by cells influences a litany of cell behaviors including differentiation
(Fu, Wang et al. 2010), adhesion growth and maturation (Beningo, Dembo et al. 2001,
Plotnikov, Pasapera et al. 2012), and migration (Dembo, Oliver et al. 1996, Dembo and
Wang 1999, Plotnikov, Pasapera et al. 2012) (Jannat, Dembo et al. 2011). While not
directly measured, the influence of these forces on YAP/TAZ localization (Dupont, Morsut
et al. 2011) have additionally shed light into the link between cellular behaviors such as
MMP-secretion, collagen-I secretion, and proliferation, that are all strongly influenced by
the contractile state of the cells (Low, Pan et al. , Dupont, Morsut et al. 2011). Over the
years, many new techniques have been described that allow for one to directly probe
cellular contractility, each with their own unique pluses and minuses (Polacheck, Chen et
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al. 2016). More recent methods have included macropost/micropost arrays that utilize
beam theory to back calculate the generated force (Tan, Tien et al. 2003, Legant, Pathak
et al. 2009), FRET-based tension sensors engineered into focal adhesion components
(Grashoff, Hoffman et al. 2010, Hoffman, Grashoff et al. 2011), reference-free
modifications of traditional TFM (Bergert, Lendenmann et al. 2016), and even span to
more complex methodologies such as 3D traction force microscopy in PEG hydrogels
(Legant, Miller et al. 2010, Franck, Maskarinec et al. 2011, del Álamo, Meili et al. 2013,
Khetan, Guvendiren et al. 2013, Steinwachs, Metzner et al. 2016). Original technologies
continue to be updated as well, with new software packages now available that make
traditional TFM workflow increasingly streamlined and more powerful (Tseng, DucheminPelletier et al. 2012, Han, Oak et al. 2015).

To expedite data acquisition and analysis of cell contractility across multiple cell types and
platforms, this chapter describes the streamlined protocol and workflow for performing 2D
TFM in both polyacrylamide hydrogels and hyaluronic acid hydrogels. This involved the
creation of an imaging workflow, custom macros centered around newly available ImageJ
plugins, incorporation of streamlined TFM processing methods (Tseng, DucheminPelletier et al. 2012), and the creation of custom software/macros to convert these outputs
into meaningful metrics

such as total force generation or strain energy generation.

Additionally, this software helps to assess the compounded error in these measurements
to assess the reliability of these measurements and to remove outliers in a non-biased
fashion. Many of these methods are designed specifically for the workflow at UPenn. This
chapter, outlines the application of this method, tips and tricks for efficient data collection
and interpretation, and the process by which this code can be used by others to assay
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contractility in their own cell system. The Chapter concludes with the discussion of a few
examples of how this workflow has been implemented in a variety of different contexts.

4.1.2

Experimental Procedures

The TFM procedure is not very much different from standard hydrogel preparation in terms
of the first steps for getting these experiments running. The main experimental
considerations that differ are that these hydrogels must eventually be transferred into a
live cell imaging chamber, and so this dictates the choice of coverslips/gel size to cast,
and further there are fluorescent microspheres that are added to these polymeric
precursor solutions before polymerization. This procedure for polyacrylamide hydrogels is
outlined very well in (Aratyn-Schaus, Oakes et al. 2010), and so these polymerization
methods are not covered in detail here; rather the following focuses on the experimental
considerations that are often not included in these published manuscripts.
Polymerization of any hydrogel platform for TFM is the same, where 0.2μm diameter
fluorescent microspheres are included into the hydrogel at 1% v/v (#F8810; Invitrogen,
Carlsbad, CA) prior to polymerization. The targeted height of hydrogels for TFM was
slightly lower than normal, with a desired height of 50 μm. If the polymerization speed of
the hydrogel system is too slow, the beads may settle away from the surface, so in these
cases it is advisable to polymerize these hydrogels upside down. For polyacrylamide
hydrogels, these microsphere-laden hydrogels are then taken into the hood, and two very
small drops of a UV curable fixative (NOA68; Norland Products, Cranbury, NJ) are placed
on the plastic dish, and the hydrogel is removed from PBS and the glass bottom is placed
down onto the glue. PBS is added to each well as the slides are added, and then the
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NOA86 is cured with 4.5 J/cm2 of UV energy from a UV handlamp placed on top of the
dish. This glue keeps the hydrogel slide from moving around during the imaging
processes. For MeHA hydrogels this process changes slightly since the NOA68 cures at
the same wavelength that the MeHA polymerizes (365nm). To address this we
simultaneously polymerized methacrylated coverslips to the plastic dish well with the
NOA68

while

simultaneously

UV

polymerizing

the

MeHA

hydrogels

(in

a

‘TCP>NOA68>Methacrylayed Coverlsip>MeHA solution>Topping coverslip’ stack).
These gels are then rinsed three times with sterile PBS, and then UV sterilized for 60
minutes in a biosafety cabinet (with the plastic dish lid off) prior to cell seeding and
overnight culture (in a HEPES-buffered media to help buffer CO2 changes during
transport). Ideally the cell seeding density should be low, around 3000 cells/cm2, in order
to image single cells and have non-overlapping traction fields.

The next day the live cell microscope will need to be heated up and equilibrated to the
proper CO2 conditions (in our case using a Deltavision Deconvolution microscope).
Confocal microscopes are not recommended (or should be used with the pinhole open as
wide as possible), as background texture present in epifluorescent images helps to
facilitate image alignment particle tracking. Cells are moved to the imaging microscope,
and the lid is taken off the plate inside the microscope incubator (so that subsequent
addition of any pharmacologic inhibitor or lysis buffer does not result in the plate being
bumped). For most MSCs, a 40x high working distance objective can used, as this allows
for imaging through a plastic dish, a glass slide, and the hydrogel. For some scenarios
where multiple inhibitors are being added or when tracking a live fluorophore
simultaneously, it might make more sense to mount a coverslip in a live cell imaging
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chamber so as to only image through the coverslip and the hydrogel. The imaging
workflow flows is as follows:
1) Use the microspheres channel to find the top of the hydrogel. Set the polarizer
height such that there is a clean brightfield image of the cell. Set up the imaging
experiment on the microscope software such that each frame captures both a
brightfield image and a microsphere channel image.

2) The goal is to get around 15 cells per group if doing a paired analysis (such as
before and after drug treatment) or 30 cells per group if pooling each treatment group.
Move around the stage and save the locations of the desired numbers of cells, and
then go back in this list to center each cell. Take great care during this step to pick
fields of cells that have no outside tractions from other cells impinging on this field of
view. Make sure to evenly sample cells across the population, and to keep an eye out
for any cells that look unhealthy. The hardest step of this process is to make sure
each cell is properly focused on the top-most layer of microspheres.

3) Take brightfield/microsphere images for every cell. Then add in ~500 uL lysis
buffer to each well per 4mL media (lysis buffer = 10% SDS, 0.5% TritonX-100 if
wanting to really lyse cells). Cells should lyse nearly instantaneously. Go back through
and capture another set of brightfield/microscope images for all cells, while naming
them “CELLGROUPNAME_DEAD_XX” to facilitate image processing.
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4.2

DATA PROCESSING

4.2.1

Software Install

Note: Need ImageJ or FIJI for initial processing, and MATLAB for final analysis

1) Go

to

Qingzong

Tseng’s

(https://sites.google.com/site/qingzongtseng/tfm)

Google
and

download

Homepage
the

Template

Matching plugin, the PIV plugin, and the TFM plugin (FTTC). There are further
instructions on the site for downloading and installing these into ImageJ, but you need
to download and install the JavaCV library files and the System dependent library
files that are linked in the install instructions. Add plugins to ImageJ plugins folder as
directed.

2) Download up to date versions of my custom ImageJ processing macro and custom
MATLAB

analysis

program

that

are

in

this

public

Dropbox

folder

(https://www.dropbox.com/sh/pgws0bquvrkx6v4/AADiqYWDZ94Ox7_TnFRHNNHXa
?dl=0) and attached in this appendix. These will be continuously updated and made
more user-friendly (compared to what they are now). Feel free to adapt them to fit your
usage.

3) Collect TFM images to process (see Experimental section). Note that currently for
the ImageJ processing macro, your file needs to be in the format of “NAME_1.dv” with
no other underscores in the file name.
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4.2.2

ImageJ Routine

1) Start with two image stacks open in ImageJ (microspheres, phase cell image) - an
alive image and a lysed dead image. Open up the first image from the TFM stack in
ImageJ and open up the ImageJ macro under ‘Plugins > Macros > Edit’ (Figure 4-1).
Hit CTL-R (or CMD-R on Mac) in the macro code window to run the code. This will do
a few things:

Figure 4-5 – Opening the macro and running it.

-Use the name and location of the open image to set the directory and iterate though
the files. Make sure that the file number is less than the tenth file (as this will add an
extra digit to the filename and screw the program up).
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-Unpack the image stacks into individual images and save the phase contrast alive
cell image as a JPG.

-Make a microsphere image stack from the microsphere channel on the alive image
and the dead image. The software will then reverse the order of the TFM stack so it
goes dead -> alive, which fits how the PIV Plugin wants the images to be formatted.
This file is saved as a TIF.

-Template Match the stack to correct for subpixel drift (requires the plugin to be
properly installed). The default settings here work pretty well, and not much tweaking
needs to be done. Make sure you choose an area that is small, but off to the side of
an image where the cell should not be pulling. These are your reference pixels.

-Particle Image Velocitometry (PIV) of the stack and save the output. This breaks
your image into smaller and smaller subregions, and processes the mean particle
displacement in each subregion. It is important to note is that the boundary condition
for this solver is that the mean squared displacement on the frame is equal to zero.
So, if there is a cell from out of the frame that is deforming your gel in the imaging
window, but you don’t capture the entire cell, the solver will try to balance these
displacements by reducing the “real” displacements of your cell. Make sure you throw
out any data in which you believe this MSD=0 condition would result in inaccurate
measurements due to out-of-window tractions from other cells. For 20x-60x objectives
three iterations should work well. For 10x objectives, only two iterations should be
used (set the last one to 0 in both boxes), as three iterations will result in over
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interpolation. By default these images are not saved, and the scale bar you see in
these vector maps is in (px) as displacement units. The output of this section is an
Excel file with the header of “PIV_”.

-Fourier Transform Traction Cytometry (FTTC). This step opens the PIV CSV file
as an input, and then asks for the input parameters of the mechanics of your hydrogel,
and converts the displacement data into traction data. These mechanical parameters
should be changed in the ImageJ code before running the macro. The output of this
section is a traction stress vector map image, the corresponding scale bar image, and
two CSV files, one has a header of ‘FTTCparameters_PIV_’ which is a record of the
input parameters used for each file, and one is ‘Traction_PIV_’ which is the raw traction
stress vector data (Figure 4-2).

Figure 4-6 – Example file output following one run-through of one raw TFM file.

2. Before you run the whole set of images, it’s advisable to run one image first. Play
with the regularization factor on the FTTC to make sure the final FTTC vector map
looks similar to the displacement vector map from PIV. Usually a regularization
parameter value of around 1e-9 for 40x/60x DeltaVision images look good, but this
needs to be iterated for each step. This factor doesn’t change the overall sum of
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traction stress but rather it determines how the cellular tractions are spread out around
the deformation maps. Setting the RegParam too high means you are over-smoothing
the data (low tractions over a large area of effect) and too low means you are undersmoothing the data (high tractions on nearly point forces) (Figure 4-3). See images
below for an example of how to best set FTTC (Figure 4-3). ‘Start by going to ‘Plugins
> PIV > Plot > [Select PIV_ file already processed] > OK’ to get raw displacement
image and ‘Plugins > FTTC > [Change regularization parameter and input other
variables] > [Select PIV_ file already processed] > OK’ (Figure 4-4).
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Figure 4-7 – Example tuning of FTTC regularization parameter.
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Figure 4-8 – Setting the RegParam in the FTTC dialog box.

3. Start the macro for the overall data set (make sure to update your FTTC
regularization parameter) (Figure 4-5). Keep a note of which images are not
working/excluded images based on the PIV that you see (if any of these images are
blatantly not working you can just skip over later processing steps with them). If you
ever must restart the program, change the starting image number in the for-loop to
keep running through the image set (Figure 4-6).
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Figure 4-9 – Starting image for image processing. Note image number < 10, and
microspheres are visible as small black dots.

Figure 4-10 – Important lines in code to tweak between runs.
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4. Software will run through. The first step for user input is on the Template Matching
step (Figure 4-7). Pick an outer region of the image to be the matched up for drift
between the images, one in which where there is no deformation during template
matching step.

Figure 4-11 – Template matching step in the ImageJ software. Red inset box is the
next step of this process.

5. The next step that will pop-up will be particle image velocitometry (PIV) (Figure 48). During PIV, if you see outlier noise, use Normalized Median option to remove (and
change threshold value). This takes an outlier and replaces its value with the median
value of all other vectors around it. Every time you hit ‘OK’ it’s additive, so make sure if
you are doing multiple steps you hit “Restore to unprocessed” (Figures 4-9, 4-10). A
small bit of background noise is okay, we are just trying to remove large vectors that are
in the middle of background signal. Make sure to keep this processing consistent
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between images in the same group whenever possible. When finished hit ‘Accept this
PIV and output’ from the dropdown menu.

Figure 4-12 – PIV window pop-up during the ImageJ program. Hit 'OK" unless
running only 2 PIV iterations.
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Figure 4-13 – Outlier noise in PIV image, unprocessed.

Figure 4-14 – Processed version with outlier noise removed (threshold = 3).

6.

FTTC will be performed and traction vector map and scaling will be displayed for

a few seconds before saving and closing these images. The scale unit in these images is
in Pascals (Figure 4-11).
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Figure 4-15 – The traction stress vector map output from FTTC.

7.

Once data set is worked through, you can always re-plot PIV or Traction data on

different scales and with different size vectors to make the images look nice. To do this go
under the ‘PIV > Plot …>[Select” PIV_ file”] ’ or ‘FTTC > plot FTTC > [Select appropriate
“Traction_PIV_” file]’. Make sure that autoscale vector plot is unchecked if you want to set
the maximum value, and make sure the vector scale is changed so the plotted vector
arrows aren’t too large (Figure 4-12). A good starting value for this is around “0.1”.
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Figure 4-16 – Dialog box for re-plotting data files.

4.2.3

MATLAB Routine

The objective of this process is to take the raw traction stress data and covert it to a more
meaningful metric, such as average traction stress per cell, total traction force per cell, or
strain energy per cell. Additionally, this software lets us calculate an error/uncertainty term
for the compounded sources of error throughout the process, a metric further described
and originally created in (Maruthamuthu, Sabass et al. 2011). This metric relies on the fact
that non-migratory cells should be an in static equilibrium, so the sum of forces in the X75

axis should equal the sum of forces in the Y-axis. Any imbalance in these traction forces
could result from a variety of factors, including a migrating cell (or one that had an
adhesion just fail), imaging focus errors, etc. So, while this term doesn’t imply that the
overall error is 15%+ of the given result, it just means that the resulting uncertainty margin
is within this result, effectively telling you the minimum difference you should be able to
measure with this effect. As such, we set a threshold of 20% uncertainty rate for any cell,
such that uncertainty levels higher than this resulted in the removal of this data point from
further analysis. The overall workflow of the software is as follows:
1) Change the program so that the starting directory is the folder in which the
processed TFM data is from the ImageJ part of the analysis (Figure 4-13).

Figure 4-17 – Changing the file directory at the start of TFM analysis in MATLAB.

2) As the software runs through, you will first be asked to open the brightfield image
of the first cell. Click to open the image, and then you will be prompted to outline the
area of the cell (Figure 4-14).
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Figure 4-18 – Dialog screen for outlining a cell during the MATLAB TFM script.

3) The software will then use this outline to calculate cell area and the error metrics
as discussed earlier. This outline should capture all the traction stress the cell exerts,
which are often outside of the cell body due to how cells first spread and then reduce
their cell area as adhesions mature. Due to this fact, the manual cell outline is dilated
by a factor of around 20-40% to capture all the tractions of the cell (Figure 4-15), like
has previously published (Maruthamuthu, Sabass et al. 2011), though the final spread
area will be used for the final normalization of traction stress values. The MATLAB
program will plot the traction stress data as a surface plot (but with top down
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orientation) and then the dilated outline is overlayed on the image (Figure 4-16). In
this step, it is okay if some of the cell didn’t get outline, as this will show up in the error
term, and it is better to overestimate the area than to underestimate the area.

Figure 4-19 – The dilation terms to change in the current version of the MATLAB
TFM code, with them set to 40% by default.

Figure 4-20 – Outlined cell traction stress surface and cell area outline following
dilation.
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4) The software will ask if you want to analyze any more cells and loop through those
cells. At the end it will ask for a filename to save the output XLS file as. One example
output XLS file can be seen below (Figure 4-17).

Figure 4-21 – Example of how cell outlining can influence traction stress and total
force measurements, as well as error percentage for use in binning out bad
datasets, with error measurements shown in red. Cells A&B would not be
acceptable and would not be used (error >15%), while cell C would be acceptable
and has very little experimental error. A corresponding example data output file is
shown below as well.

4.3

EXPERIMENTAL EXAMPLES AND USES

After developing this TFM workflow, it has been employed in a variety of different contexts
to study how cellular traction force generation changes as the result of various
perturbations and across cell types. One of the first contexts it was used in was to evaluate
the mechanobiologic heterogeneity of mesenchymal stem cell clonal populations. We
evaluated multiple clonal populations of juvenile bovine mesenchymal stem cells, which
had been previously characterized as having a large degree in matrix production
heterogeneity (Cote, McLeod et al. 2016), and found that there was a additionally a large
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degree of heterogeneity in the traction force generation of these populations (Figure 418). Some clones had the same average traction stress generation of the mixed
heterogeneous population, while others exhibited much higher traction stress generation,
suggesting that these clones might have a different potentiality to differentiate down
various lineage pathways (Fu, Wang et al. 2010).

Figure 4-22 – (A) Representative traction stress vector map of one cell. (B)
Average traction stress ± SE for each population. n=12-28 cells, *denotes p<0.05.
(C) Traction force per cell plotted against cell area for a heterogeneous MSC
population (Het, grey) and two clonal populations (blue, orange). Best fit line
represents the average traction stress.
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TFM has been used as a tool in our lab to validate how much various perturbations
of mechanical signaling pathways can change traction force generation in various
conditions. A few examples showing how this can be employed includes the response of
cells to small molecule inhibitors of the TGFβ family (Figure 4-19A), or in response to
various pharmacologic inhibitors or agonists of cellular contractility (Figure 4-19B). It can
also be used as a tool to ascertain whether or not changes seen in the mechanical state
of a cell are the result of some process that is upstream in traction force generation, or if
they could be the result of traction force generation and the subsequent feedback loop
therein. In this case, we utilized TFM to investigate how various crosslinking chemistries
of the same hydrogel platform, polymerized to the same bulk modulus, can result in
different mechanical states of cells cultured on these substrates. Here, cells on hydrogels
crosslinked with EosinY (EO) have lower traction force generation than cells on substrates
crosslinked to the same bulk modulus with hydrogen peroxide (HRP) (Figure 4-20). This
TFM data helped us elucidate the fact that cells interpret mechanical aspects of these
hydrogels differently despite them having the same bulk modulus, further motivating
increases in understanding how various biomaterials platforms can influence the
mechanical state of the cell by other means than just the bulk modulus.
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Figure 4-23 – (A) Baseline traction force in MSCs is established by ligandless
TGF/BMP signaling. Traction force maps for MSCs on 10 kPa polyacrylamide gels
with/without the addition of SB, LDN, or Y27 (line: cell border, bar = 25 μm),
quantification of total force per cell, and the ratio of strain energy per cell spread
area (n = 16~31 cells per group, * p < 0.05 vs. CM conditions, mean +/- SE). (B)
Traction stress maps for MSCs on 5-kPa polyacrylamide gels before and after
addition of ML7, Y27632, or LPA (scale bar = 25 μm, units = Pa), with quantification
of % change in total force per cell (n = 14–20 cells per group, *p < 0.05, ***p <
0.001, one-way ANOVA with Tukey’s post hoc testing). Quantification of the
nuclear/cytoplasmic YAP signal intensity for MSCs seeded on glass and treated
with ML7 (25 mM), Y27632 (10 mM), or LPA (50 mM).
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Figure 4-24 – Crosslinking chemistry of HA-Tyr hydrogels alters traction force
generation by MSCs. (A) Representative images of cells in phase- contrast and
TFM images of displacement fields (nm). Cells were analyzed after 14 h culture on
enzymatic (HRP), light (EO), or a combination of both (HRP/EO) cross-linked HATyr hydrogels (7 kPa, scale bar 10 μm). (B) Quantification of cell spread area, (C)
average traction stress (normalized to the tractions exerted by the cell within the
region-of-interest), and (D) the average total force generated per cell. Data are
shown as mean + SD, n ≥ 40 cells of two independent experiments, ∗p < 0.5, ∗∗p <
0.1, ∗∗∗p < 0.01.

Finally, we employed TFM in a set of studies to examine the mechanical state of cells from
mice with a rare genetic condition called fibrodysplasia ossificans progressiva (FOP). This
disease is caused by a single point mutation in the BMP receptor (ACVR1), which results
in misregulated progenitor cells that aberrantly differentiate into heterotopic bone within
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connective tissues in response to an injury (Shore, Xu et al. 2006). Immortalized MEFs
were derived from wild-type and FOP mice and plated these cells on 10kPa hydrogels for
TFM. Interestingly, FOP cells exhibited roughly the same area as their wild-type
counterparts, but exhibited strikingly less traction force and traction stress generation
compared to wild-type controls (Figure 4-21). This data helped to show us that despite
modest differences in other markers of their mechanical state, that traction force
microscopy was a highly sensitive technique to probe the mechanical state of many cells
types in a variety of different contexts.

Figure 4-25 – (top) Cell spread area, total traction force generation per cell, and
average traction stress generation of immortalized MEFs from either wild-type
mice or mice with the FOP mutation. (bottom) Graph of total traction force
generation per cell versus cell spread area. Differences in slope highlight
differences in average traction stress generation between the two cell types.
Means +/- SEM, Stats are by Student’s t-test, ***=p<0.001.
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CHAPTER 5: DESIGNING DEVELOPMENTALLY-RELEVANT
MICROENVIRONMENTS TO STUDY MSC
MECHANOBIOLOGY

5.1

INTRODUCTION

It is well established that, in addition to soluble factors and extracellular matrix (ECM)
ligands, the mechanical properties of the microenvironment can direct stem cell behavior
(Engler, Sen et al. 2006, Huebsch, Arany et al. 2010, Cameron, Frith et al. 2011,
Guvendiren and Burdick 2012, Khetan, Guvendiren et al. 2013, Yang, Tibbitt et al. 2014).
Interpretation of mechanical inputs (including substrate stiffness) requires the generation
of contractile forces in the cytoskeleton through which the cell actively interrogates its
surroundings(Geiger, Spatz et al. 2009). Above a certain threshold, this interaction
induces mechanically-activated signaling to regulate cell spreading, traction(Fu, Wang et
al. 2010), and RhoA activity(Wozniak, Desai et al. 2003) to modulate progenitor cell
proliferation, migration, and differentiation(Engler, Sen et al. 2006). The YAP/TAZ complex
(Yes-associated protein/Transcriptional co-activator) has recently been implicated as an
important factor in the transduction of mechanical signals(Dupont, Morsut et al. 2011,
Aragona, Panciera et al. 2013). Two primary YAP/TAZ signaling branches are operative:
1) the Hippo pathway, in which cadherin-cadherin trans-interactions result in sequestration
of YAP in the cytosol(Gumbiner and Kim 2014), and 2) a mechanosensitive pathway
wherein cytoskeletal tension promotes YAP nuclear translocation and downstream
transcriptional activity(Dupont, Morsut et al. 2011). This mechanosensitive pathway
governs YAP/TAZ such that on soft hydrogels or deformable fibrous materials, YAP
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remains cytosolic, while on stiff hydrogels and in response to stretch, YAP localizes to the
nucleus(Driscoll, Cosgrove et al. 2015). Given that YAP/TAZ is responsible for mediating
most of the downstream functional outcomes of substrate stiffness sensing(Yang, Tibbitt
et al. 2014), it is commonly thought of as a mechanical rheostat(Low, Pan et al. 2014,
Yang, Tibbitt et al. 2014), providing a readout of how a cell is currently processing
mechanical inputs from the microenvironment.
In addition to physical cues in the microenvironment, the interactions that cells make with
each other also regulate mesenchymal progenitor cell differentiation. For example, in
developing limb buds, blockade of cadherin expression limits chondrogenesis, while
cadherin overexpression promotes chondrogenesis(Delise and Tuan 2002). Additionally,
in mesenchymal stem cells (MSCs) cultured in monolayer, adipogenesis is promoted by
cell-cell contact (through high densities), whereas osteogenesis is inhibited by cell-cell
contact due to the subsequent decrease in cell-ECM contact area(McBeath, Pirone et al.
2004). In mesenchymal cells, cell-cell contact is mediated through the homotypic
interaction of N-Cadherin on adjacent cells. N-Cadherin contains both an extracellular
domain that mediates this adhesion as well as a cytosolic domain that acts as both a
signaling hub and anchor that couples to the actin cytoskeleton(Gumbiner 2005).
To date, most cadherin mechanobiology has been studied through examination of ECadherin and VE-Cadherin in situations where strong adherens junctions form between
cells (i.e. early cancer progression, and at epithelial/endothelial cell junctions)(Lecuit and
Yap 2015, Wei, Fattet et al. 2015). However, despite their strong sequence homology, ECadherin and N-Cadherin can show greatly different downstream signaling responses to
various stimuli(El Sayegh, Kapus et al. 2007). During mesenchymal development, most
of the initial mechanical interactions arise from the formation of adherens junctions within
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the cell-rich mesenchymal condensation. However, as development progresses, cell-cell
interactions are increasingly restricted as progenitor cells differentiate, and subsequently
deposit and interact with increasing levels of ECM in the microenvironment(Kalson, Lu et
al. 2015). N-Cadherin interactions then become less predominant due to the dense
surrounding matrix (Fig. 1a). In accordance with this, the response to the most
extracellular N-Cadherin domain (EC1) appears to mediate a large degree of specificity in
N-Cadherin adhesion and control over cellular behavior during development(Price, De
Marco Garcia et al. 2002, Patel, Ciatto et al. 2006). While N-Cadherin has multiple
adhesive domains, the addition of short peptide sequences containing the ‘HAVDI’
adhesive sequence from EC1 inhibits >90% of the N-Cadherin specific response in 3T3
fibroblasts(Williams, Williams et al. 2000), identifying this domain as operative in mediating
mesenchymal cell-cell signaling.

Adhesive crosstalk between cadherin-based and integrin-based signaling has previously
been found to influence the mechanical state of the cell(Weber, Bjerke et al. 2011). This
crosstalk can arise at multiple points; N-Cadherin is linked to actin through monomeric αcatenin(Desai, Sarpal et al. 2013), shares intermediary scaffolding proteins with integrinbased adhesions (e.g. vinculin)(le Duc, Shi et al. 2010, Twiss, Le Duc et al. 2012), and
can also control Rho GTPase activity(Ratheesh, Priya et al. 2013). To query these
interactions, several groups have developed platforms to study cell-cell and cell-ECM
signaling using micropatterning and other techniques. This includes examining cell
doublets on soft hydrogels(Maruthamuthu, Sabass et al. 2011), micropatterning stripes or
domains of collagen/fibronectin and cadherin under cells(Tsai and Kam 2009, Borghi,
Lowndes et al. 2010), and micropatterning ECM islands that promote cellular
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interaction(Liu, Tan et al. 2010, Mui, Bae et al. 2015). However, these presentation
systems are not able to fully decouple adhesive inputs; that is, increased presentation of
one signal through increasing domain area (e.g. additional cadherin-patterned culture
area) necessitates the reduction in the area of another signal (e.g. cell-ECM patterned
area). Additionally, in scenarios where adherens junctions form, additional cell-cell
interactions occur (e.g. Nectin and Notch/Delta interactions, as well as paracrine
signaling), making interpretation of downstream signaling somewhat convoluted.

An alternative to coated domains of adhesive proteins is the utilization of biomaterials that
enable controlled presentation of functional adhesive domains in the form of small
peptides ligated to a polymer backbone. The first such example was the short peptide
sequence RGD from fibronectin, which enabled cell adhesion to hydrogel surfaces to
mimic cell-ECM interactions(Pierschbacher and Ruoslahti 1984, Yamada and Kennedy
1984, Burdick and Anseth 2002). Building on this approach, our group has recently
incorporated ‘HAVDI’ peptides (from N-Cadherin extracellular domain 1, EC1) onto a
methacrylated hyaluronic acid (MeHA) backbone. In 3D culture, this modification mimics
cell-cell interactions that are important for early chondrogenesis, overcoming a limitation
of encapsulation strategies that isolate cells from one another (Bian, Guvendiren et al.
2013). These MeHA hydrogels also serve as an ideal biomaterial to probe mesenchymal
microenvironments, given that the hyaluronic acid backbone itself can promote MSC
lineage commitment when compared to purely synthetic hydrogels (e.g., poly(ethylene
glycol), PEG)(Chung and Burdick 2009).
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In this study, we took advantage of the flexibility of the MeHA system to generate a new
platform to query how multiple adhesive interactions interact to regulate the functional
behavior of MSCs across a range of mechanical microenvironments. To accomplish this,
we generated 2D hydrogels that enabled independent co-presentation of both the ‘HAVDI’
adhesive sequence from N-Cadherin (mimicking cell-cell interactions) and the ‘RGD’
adhesive

sequence

independently

tuning
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fibronectin

matrix
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presentation
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demonstrated that HAVDI (in the context of constant RGD) reduced the contractile state
and nuclear YAP/TAZ localization in MSCs, resulting in altered interpretation of ECM
stiffness and consequent changes in downstream cell proliferation and differentiation.
These findings indicate that, in an evolving developmental context, N-Cadherin can alter
progenitor cell perception of exogenous biophysical inputs, such as increased ECM
stiffness, thereby regulating cell lineage commitment.

5.2

METHODS

5.2.1

Methacrylated Hyaluronic Acid (MeHA) Hydrogel Synthesis and Casting

MeHA was synthesized as previously reported(Burdick, Chung et al. 2005), where
methacrylic anhydride was reacted with 1% w/v sodium hyaluronate (70 kDa, Lifecore
Biosciences) in dH2O with pH maintained at 8 ± 0.5. After reacting for 6h, the macromer
solution was purified via dialysis (MW cutoff of 6-8 kDa) and then lyophilized for storage.
Methacrylation level was confirmed to be ~31% by 1H NMR (Figure 5-1). Small peptide
sequences (Genscript) from adhesive domains for fibronectin (GCGYGRGDSPG), Ncadherin (Ac-HAVDIGGGC), or a scrambled N-Cadherin control (Ac-AGVGDHIGC) were
covalently conjugated to the HA backbone via Michael-type addition reactions of the
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cysteine residues on these peptides with the methacrylate on the HA backbone. Peptide
coupling occurred overnight at 37˚C in TEA buffer (pH 8, Sigma). For these studies, all
peptides were added for final hydrogel concentrations of 1 mM. Thin hydrogel films
(thickness = 100 μm) of 3% w/v MeHA were cast and polymerized on methacrylated glass
coverslips (as in [(Marklein and Burdick 2010)]) that allowed for covalent attachment of
the MeHA hydrogel to the coverslip hydrogel during UV polymerization. Irgacure-2959 was
added to this MeHA precursor solution at a final concertation of 0.05% v/v and then
polymerized using a UV polymerization box with an output of 4.5 mW/cm2 at a wavelength
of 365nm. Varied polymerization times were used to alter hydrogel mechanics.

1
Figure 5-1 – H NMR Spectra for methacrylated hyaluronic acid (MeHA). Spectra
indicates ~ 31% modification of the HA backbone with methacrylate groups.
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5.2.2

Cell Isolation, Culture, and Pharmacologic Inhibition

Juvenile bovine MSCs were harvested from tibio-femoral bone marrow as previously
described by Huang et al(Huang, Yeger-McKeever et al. 2008). All MSCs were cultured
in standard growth media (HG-DMEM, 10% fetal bovine serum (FBS), and 1% penicillin,
streptomycin, Fungizone (PSF)) for all experiments, and were cultured on tissue culture
plastic (TCP) for one passage prior to re-plating on the MeHA substrates. Osteogenic
induction media (growth media with 0.1 µM dexamethasone, 50 mg/mL ascorbate-2phosphate, and 10 mM b-glycerophosphate) was used for assaying the MSC osteogenic
differentiation capability. For substrate studies, cells were seeded at a density of 3,000
cells/cm2 to prevent cell-cell interactions. Once seeded, MSCs were cultured on MeHA
hydrogels for 18 hrs before subsequent fixation. Pharmacologic inhibition of Rac1 activity
was achieved using 50 μM NSC-23766 (Tocris Bioscience #2161), inhibition of ROCK was
achieved using 10 μM Y-27632 (Calbiochem #688000), and inhibition of was achieved
using 50/200 nM LY-333531 (Tocris Bioscience #4738). Inhibitors were added into the
culture media for one hour prior to fixation and subsequent analyses. N-Cadherin blocking
was accomplished by adding a neutralizing N-Cadherin antibody (50 μg/mL, Sigma #GC4)
to trypsinized cells in growth media for 45 min at 4˚C before 2X PBS rinses, spin down,
and re-seeding onto culture substrates. Soluble peptide competition studies were
performed by adding 1 mM of peptide (either scrambled or HAVDI) to the growth media
directly following seeding. For ADAM10 studies, mouse recombinant ADAM10 (R&D
Systems #946-AD-020) was added to culture media at 100 ng/mL for 4 hours prior to
fixation and subsequent analysis.
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5.2.3

Immunostaining and Quantification of YAP/TAZ Localization

For normal immunostaining, MSCs were fixed in room temperature 4% PFA for 18 min,
and then washed three times with PBS, followed by 10 min permeabilization at 4oC with
0.05% Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM magnesium
chloride. To enable analysis of focal adhesions, soluble intracellular components were
removed via fixation in a microtubule stabilization buffer for 10 min at 37oC. Primary
antibodies were diluted in 1% BSA in PBS and added overnight at 4oC. Antibodies and
dilutions used in this study included anti-YAP (1:200; Santa Cruz #sc-101199), anti-βcatenin (1:500; Cell Signaling #8480), anti-N-cadherin (1:400; Santa Cruz #9379,
#59987), anti-RUNX2 (1:250; Abcam #76956), anti-paxillin (1:500, BD #610052), antimyosin-IIA (1:400, Abcam #24762). After three PBS rinses, AlexaFluor-488/546 [H+L]
secondary antibodies (Molecular Probes) were added for 1hr at room temperature. F-Actin
staining was performed using AlexaFluor-conjugated phallodiin (1:1000; Molecular Probes
#A22283) added in with the secondary antibodies and incubated for 1hr at room
temperature. Following this incubation, three additional PBS rinses were followed by DAPI
staining and mounting using ProLong Gold AntiFade (Life Technologies #P36935).
Images were taken on a Nikon A1R Confocal Microscope at 60x 1.4 NA (0.41 μm/px).
Proliferation was assayed through the Click-IT EdU Immunostaining kit (Invitrogen).
YAP/TAZ ratios were quantified through imaging of YAP/TAZ staining with a pinhole
diameter of 51.09 μm (1.6 AU). Nuclear images were utilized to delineate the nuclear area
from the cytoplasmic region of the cell, and the average fluorescent intensity over each
region was calculated using ImageJ as in(Driscoll, Cosgrove et al. 2015).
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5.2.4

Western Blotting

MeHA hydrogels were cast onto 2” x 3” slides for all Western Blot analyses. Cells were
lysed directly into 150uL drops of 5X SDS sample buffer containing 2% βmercaptoethanol. Protein was separated by 10% SDS-PA gel electrophoresis and
transferred to nitrocellulose membranes. Membranes were then blocked with either 5%
milk or BSA in TBS with 0.1% Tween-20 (TBS-T) for at least 1 hour at room temperature.
Membranes were probed with primary antibodies overnight at 4ºC. This was followed by
3 washes in TBS-T and incubation with HRP-linked IgG secondary antibodies for 1-2
hours at room temperature. After three more TBS-T washes, bands were detected by
enhanced chemiluminescence (GE Healthcare, cat.# RPN2106), and images were
acquired using the ImageQuant LAS 4000 imager system. Normalization of quantification
was performed by scaling all sample values such that control scram/RGD averages were
1. GAPDH expression was used as a loading control.

5.2.5

Statistical Analysis

All experiments were performed using 2-3 MSC donors and at least 3 replicate hydrogels
per condition. Statistical comparisons were performed using an independent sample t-test
when only two groups were being compared, and one- or two-way analysis of variance
(ANOVA) with Bonferroni’s post hoc testing used to make pairwise comparisons between
multiple groups. Statistical significance was set to p < 0.05.
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5.3

TUNABLE HYDROGELS PRESENTING CELL-CELL & CELL-ECM LIGANDS

To determine the impact of N-Cadherin adhesive domain presentation on traditional cellECM interactions and mechanosensing, we utilized a photopolymerizable methacrylated
hyaluronic acid (MeHA) hydrogel system. MeHA hydrogels provide a biologically-active
and flexible platform for controlling multiple cellular inputs, such as ligand presentation
and hydrogel stiffness. Here, the base MeHA backbone was modified with RGD (from
fibronectin) and HAVDI (from N-Cadherin) peptides via a Michael addition reaction of thiols
on peptides and methacrylates on MeHA (Figure 5-2 B). MeHA was modified to levels
that formed hydrogels with 1 mM RGD and 1 mM HAVDI included (‘HAVDI/RGD’),
enabling both integrin and cadherin mediated interactions by mesenchymal stem cells
(MSCs). Additional hydrogels were modified with 1 mM RGD and 1 mM of a non-functional
scrambled HAVDI sequence (‘scram/RGD’) to stimulate integrin-only interactions, while
preserving the same level of HA modification and resulting hydrogel mechanical
properties. Peptides coupled to the MeHA backbone are present in even amounts
throughout the entire hydrogel (Figure 5-3), with peptide surface density of ~1 mM HAVDI,
which is on the order of previous measures of E-Cadherin density in developing drosophila
embryos and monolayer epithelial cells(Truong Quang, Mani et al. 2013). Peptide loading
at 2 mM (combination of HAVDI and RGD peptides) consumed a very small fraction of
available methacrylate groups (~8%). Moreover, the peptide coupling efficiency in this
MeHA system (utilizing a cysteine-methacrylate coupling) is quite high, with ~88% of the
loaded peptide conjugated to the backbone(Bian, Guvendiren et al. 2013).
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Figure 5-2 – Decoupled presentation of N-Cadherin and Fibronectin adhesive
domains to study ECM mechanosensing. (a) Schematic representation of the
evolution of the mechanical microenvironment during mesenchymal development.
(b) Schematic of methacrylated hyaluronic acid (MeHA) modified with N-Cadherin
and Fibronectin adhesive domains and formation into hydrogels via UV-light
initiated crosslinking. ‘scram/RGD’ substrates allow for only integrin-material
interactions, while ‘HAVDI/RGD’ substrates allow for material integrin and
cadherin interactions. (c) Control of substrate mechanical properties was
achieved by altering UV crosslinking time, as verified by AFM measurements of
Young’s Modulus (mean ± SD), and normalized comparisons of scram/RGD and
HAVDI/RGD moduli across three UV times (inset). (d) MSC spread area on
increasingly stiff substrates (n>102 cells/group, p>0.6145, mean ± SEM). Scale
bars = 10μm.
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Thin MeHA films (thickness ~100μm) were cast and polymerized onto
methacrylated glass coverslips to promote hydrogel adherence. Homogenous peptide
loading and localization in MeHA hydrogels was verified through fluorescent peptide
tagging and confocal imaging (Figure 5-3). The Young’s moduli of hydrogels were
determined by AFM, and hydrogels with stiffness values spanning a physiologic range (120 kPa) were obtained by increasing the UV exposure time/energy during polymerization
(Figure 5-2 C). Moduli of hydrogels loaded with HAVDI and RGD or with scrambled HAVDI
and RGD were not significantly different from one another across the range of exposure
times used (Figure 5-2 C, inset). To query preliminary MSC responses to these peptidecoupled substrates, bovine MSCs were seeded onto the hydrogel films for 18 hours. Initial
attachment studies with MeHA hydrogels coupled with 1 mM of one peptide (RGD,
scrambled HAVDI, HAVDI, or no peptide) were performed to assess the adhesivity of
MSCs to hydrogels modified with each single peptide. Non-modified gels or gels loaded
with scrambled HAVDI did not support cell attachment. Conversely, when gels were
modified with HAVDI alone, cell attachment and spreading was observed (Figure 5-4),
albeit at levels much reduced when compared to RGD-conjugated gels (HAVDI
attachment ~10% of RGD attachment). This is consistent with previous reports showing
that the first two extracellular domains of N-Cadherin (in which the HAVDI sequence
resides)

allow

for

weak

adhesive

interactions

when

compared

to

the

full

ectodomain(Fichtner, Lorenz et al. 2014). Next, we examined 1 mM: 1 mM peptide
combinations of HAVDI and RGD across a physiologic range of substrate stiffness, and
noted no significant difference in spread area between HAVDI/RGD and scram/RGD
groups (Figure 5-2 C). We additionally observed no differences in cell attachment and
spreading between these two material formulations. These observations highlight that cell
spreading in this system appears to be driven by RGD and is not altered by the additional
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presentation of HAVDI. Additionally, the lack of change in cell spread area with HAVDI
presentation shows that the dual-ligand MeHA hydrogel platform permits changes in the
presentation of one signal (HAVDI presentation) without changing the availability of the
other (RGD presentation and resultant cell spread area).

Figure 5-3 – Fluorescent tagging allows for visualization of peptide incorporation
and localization in MeHA films. Representative confocal microscope imaging of
X/Z-plane images of ‘HAVDI/RGD’ MeHA hydrogels loaded with 1:10 peptide
fractions of FITC-HAVDI and Rhodamine-RGD. Scale bar = 50μm.
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Figure 5-4 – MSC Attachment to MeHA hydrogels modified with a single peptide
type. (left) Live cell phase contrast images of MSC attachment following 18h of
culture on MeHA hydrogels modified with a single peptide type, following 2x
media rinses, SB= 100 μm. (top right) Representative zoomed images of spread
MSCs on HAVDI and RGD substrates, scale bar = 10 μm. (bottom right)
Quantifications of MSC attachment (n=3).

Staining of external N-Cadherin organization on the basal plane of MSCs on
intermediate stiffness MeHA substrates (10 kPa) showed no indication of cadherin
clustering as is seen in densely cultured cells (Figure 5-5). Likewise, immunostaining for
β-catenin on the basilar plane of the cell showed no distinct structure formation that would
indicate clustering with HAVDI presentation (Figure 5-6). Western blotting revealed that
HAVDI presentation (in the context of a constant RGD) did not significantly alter NCadherin levels after 18h of culture (Figure 5-5). These observations highlight that, on
substrates of physiologic stiffness, ligation of 1 mM HAVDI domain does not activate
canonical N-Cadherin signaling responses that are seen in dense culture conditions where
strong adherens junctions form between cells. Despite this, the EC1 domain containing
the HAVDI adhesive sequence has previously been shown to play a critical role in cell
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sorting and adhesivity in development(Halbleib and Nelson 2006).

Additionally, the

HAVDI domain can potently inhibit N-Cadherin responses in fibroblasts in vitro(Williams,
Williams et al. 2000). Given that MSCs were able to weakly attach to gels modified with
HAVDI peptide alone, we next explored how this domain might regulate MSC
mechanosensing within developmental mesenchymal environments with multiple
adhesive ligands across a physiologic range of substrate stiffness.

Figure 5-5 – External N-Cadherin Immunostaining and Quantification. (a)
Representative confocal images of extracellular-only N-Cadherin
immunofluorescence from the basilar plane of MSCs cultured on 10 kPa MeHA
substrates or on glass coverslips. (b) Western blots of N- Cadherin levels in MSCs
cultured on 10 kPa MeHA substrates (n=3 blots, p=0.2984, mean +/- SEM. Scale
bars = 10μm.
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Figure 5-6 – β-Catenin immunostaining in MSCs on scram/RGD and HAVDI/RGD
hydrogels. Representative confocal microscopy images of basal plane β-Catenin
immunostaining in MSCs cultured on 10 kPa hydrogels. Scale bar = 10μm.

5.4

HAVDI LIGATION ATTENUATES YAP/TAZ MECHANOSENSING

Having established this biomaterial-mediated HAVDI and RGD culture system, we next
determined whether downstream mechanosensitive signaling pathways were altered in
response to HAVDI ligation with a constant background of RGD ligation. As YAP/TAZ
signaling is responsible for many downstream transcriptional outcomes of substrate
stiffness sensing, we performed immunostaining for YAP/TAZ (with an antibody that
detects both YAP and TAZ in western blotting), and then quantified this staining. YAP/TAZ
nuclear-to-cytoplasmic ratios (Figure 5-7 A) were significantly reduced with HAVDI
presentation on intermediate stiffness substrates (10 and 15 kPa) (Figure 5-7 B).
Surprisingly, HAVDI presentation did not significantly alter YAP/TAZ ratios at either the
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upper or the lower bounds of substrate stiffness investigated (5 or 20 kPa). Sigmoidal
curve fits showed “YAP/TAZ50” (LD50 value of curve fit, representing the stiffness at which
MSCs had YAP/TAZ ratios of 1.65) values of 6.2 kPa for MSCs on scram/RGD control
substrates, which increased to 15.3 kPa on HAVDI/RGD substrates (Figure 5-7 B). While
there was donor-to-donor variability in baseline YAP/TAZ values in these primary cell
isolates (likely due to differences in inherent contractility across donors), a similar HAVDImediated reduction in nuclear YAP/TAZ was observed across all 12 donors used in this
study. Likewise, parallel studies performed with human MSCs showed a similar response,
where HAVDI presentation markedly decreased YAP/TAZ nuclear localization at
intermediate substrate stiffness (Figure 5-8). Importantly, blocking cellular N-Cadherin
with a neutralizing blocking antibody prior to seeding cells on the substrates confirmed
that these differences in YAP/TAZ were specific to N-Cadherin driven responses (Figure
5-7 C).
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Figure 5-7 – HAVDI ligation reduces the mechanical threshold for YAP/TAZ
signaling, altering MSC interpretation of substrate stiffness. (a) Representative
quantifications of high and low YAP/TAZ ratios, which were obtained by taking the
average intensity in the nucleus and divided by the average intensity of the
cytoplasm. (b) YAP/TAZ nuclear to cytoplasmic ratios across a range of substrate
stiffness (n>31 cells/group, *=p<0.05, ***=p<0.001 by 2-way ANOVA, mean ± SEM)
with corresponding sigmoidal curve-fits. (c) YAP/TAZ ratios after blocking cellular
N-Cadherin with a neutralizing antibody prior to seeding on 10 kPa substrates (n>23
cells/group, ***=p<0.001 by 1-Way ANOVA with Bonferroni post-hoc, mean ± SEM).
(d) Schematic for assaying dose-dependence of HAVDI presentation on 10 kPa
substrates and (e) representative YAP/TAZ images for each group. (f) Quantification
of YAP/TAZ ratios with increased presentation of functional HAVDI (n>100
cells/group, **=p<0.01 compared to 0%, by 1-Way ANOVA with Bonferroni post-hoc,
mean ± SEM). (g) YAP/TAZ nuclear-to-cytoplasmic ratios following competition with
either no peptide (CTL) or 1 mM of soluble peptide in growth media (n>30
cells/group. ***=p<0.001, ** = p<0.01 by 1-Way ANOVA with Bonferroni post-hoc
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testing, mean ± SEM). (h) (left) Schematic for the early osteoinduction experiments
where GM (growth media) or OM (osteoinductive media) were added over three days
and representative images of RUNX2 localization. (right) Quantification of RUNX2
nuclear-to- cytoplasmic ratios. (n>43 cells/group, *** = p<0.001 by 1-Way ANOVA
with Bonferroni’s post-hoc testing, mean ± SEM). (i) MSC proliferation rate after 48
hrs of culture on 10 kPa substrates, as assayed by the fraction of EdU+ cells (n=3
replicates, measured in 200+ cells per replicate, *=p<0.05, mean ± SEM). Scale bars
= 10 μm.

Figure 5-8 – YAP/TAZ ratios in hMSCs cultured at intermediate substrate
stiffnesses. YAP/TAZ nuclear to cytoplasmic ratios of human MSCs cultured on 5
and 10 kPa substrates (n>22 cells/group, *=p<0.05, ***=p<0.001 by 1-Way ANOVA
with Bonferroni post-hoc, mean ± SEM).

Given that this MeHA hydrogel system allows for the precise addition of multiple
peptides to the HA backbone, we next established the dose-dependence of HAVDI
presentation on this mechanosensing response. For this, the standard 1:1 ratio of RGD
to HAVDI peptide was titrated with increasing levels of functional HAVDI peptide (Figure
5-7 D). Visualization and quantification of YAP/TAZ ratios showed a strong dose
dependence with HAVDI peptide presentation, such that for a given substrate stiffness,
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increasing amounts of functional HAVDI resulted in lower YAP/TAZ nuclear-tocytoplasmic ratios (Figure 5-7 E/F).
Next, a competition study was performed to determine if adding soluble HAVDI
peptide to the culture media would abrogate this YAP/TAZ response. Addition of 1 mM of
scrambled peptide did not significantly alter the YAP/TAZ response from control values in
either material group, whereas addition of 1mM soluble HAVDI peptide completely
abrogated the response to HAVDI/RGD presentation (Figure 5-7 G). Importantly, adding
this soluble HAVDI to MSCs on control scram/RGD substrates did not lower YAP/TAZ
ratios (Figure 5-7 G), indicating that HAVDI peptides need to be tethered in order to elicit
reductions in YAP/TAZ nuclear localization. This is in accordance with recent studies
showing the importance of force acting through cadherin-cadherin adhesion in regulating
certain regimes of cytosolic cadherin signaling, such as modulating b-catenin to actin
binding(Buckley, Tan et al. 2014), opening a-catenin cryptic binding domains(Yonemura,
Wada et al. 2010), and activating RhoGAPs(Yang, Radel et al. 2011).
Noting that differences in nuclear YAP/TAZ accumulation can lead to alterations in
functional behavior, we next determined whether HAVDI presentation altered important
stem cell behaviors such as differentiation and proliferation. To examine MSC
differentiation in this developmental context, we assayed early osteogenic lineage
commitment in individual cells through via RUNX2 nuclear localization (which activates
ALP expression and regulates osteogenesis) following osteoinduction. After one day of
culture in growth media there were low levels of nuclear RUNX2 in MSCs cultured on
either substrate (Figure 5-7 G/H, Figure 5-9). However, after two days of osteogenic
induction, MSCs on HAVDI/RGD hydrogels showed greatly reduced nuclear RUNX2
levels compared to MSCs on scram/RGD hydrogels, indicating less osteogenic
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commitment following HAVDI ligation. Other functional outcomes of nuclear YAP/TAZ
localization were also altered; MSC proliferation was reduced by ~35% of baseline values
following 48 hours of culture on HAVDI-modified hydrogels (Figure 5-7 I).

Figure 5-9 – Early osteogenic differentiation of MSCs. Representative mosaic
confocal microscopy images of RUNX2 immunostaining in MSCs cultured on 10
kPa hydrogels following 1 day of culture in growth media (GM) and two days of
culture in osteoinductive media (OM). Scale bar = 10 μm.

One other aspect important to N-Cadherin action during development is its
temporal presentation and activity, which is regulated both by cell-cell interaction and the
expression of proteases that cleave the N-Cadherin ectodomain. ADAM10 (A Disintegrin
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and Metalloproteinase 10) is expressed during development of mesenchymal tissues, and
its action (in part) is to cleave external type-1 cadherin domains. Indeed, several studies
have specifically highlighted how ADAM10 cleavage of the extracellular domain of NCadherin is essential for early limb development and chondrogenesis (Nakazora+, BBRC,
2010). To investigate how HAVDI-attenuated ECM mechanosensing may be regulated
throughout development, we performed an experiment wherein recombinant ADAM10
was added to MSCs that had been cultured on 10 kPa scram/RGD and HAVDI/RGD
substrates. Treatment with recombinant ADAM10 had no effect on MSCs cultured on
control scram/RGD substrates (Figure 5-10). Conversely, addition of ADAM10 completely
abrogated the response of MSCs to HAVDI/RGD substrates, returning YAP/TAZ ratios
back to baseline levels. This illustrates that HAVDI-altered mechanosensing may be
countermanded by increased expression of ADAM10 during development, allowing for
downstream lineage commitment to proceed. Taken together, this data suggests that
HAVDI/N-Cadherin ligation, and its temporal regulation, may be an important determinant
of MSC fate commitment during mesenchymal development.
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Figure 5-10 – Treatment with ADAM10 abrogates HAVDI-driven alterations in ECM
mechanosensing. YAP/TAZ ratios in MSCs cultured on 10 kPa scram/RGD and
HAVDI/RGD hydrogels following the addition of 100 ng/mL recombinant ADAM10
for 4hr (n>106 cells/group, **** = p<0.0001 by 1-Way ANOVA with Kruskal-Wallis
post-hoc, mean +/- SEM shown).

Given that YAP/TAZ governs many downstream outcomes of substrate stiffness
sensing, our data suggests that HAVDI ligation leads to an altered interpretation of
substrate stiffness. Across an intermediate stiffness range, MSCs cultured on HAVDI/RGD
substrates showed lowered YAP/TAZ nuclear localization on a given stiffness compared
to cells on scram/RGD substrates. For example, MSCs on softer scram/RGD substrates
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(E=5 kPa) promoting only cell-ECM interactions exhibited the same YAP/TAZ ratios as
the same cell population on a much stiffer (E=15 kPa) substrate promoting both cell-cell
and cell-ECM interactions. As such, signaling from HAVDI appears to “override” the
mechanosensitive YAP/TAZ signaling that results from RGD-integrin (cell-ECM) stiffness
sensing. Interestingly, cells on HAVDI/RGD hydrogels do eventually increase in YAP/TAZ
nuclear localization, but they do so at a higher substrate stiffness, suggesting that HAVDI
ligation acts as a signaling offset while preserving the ability of MSCs to eventually sense
increases in ECM stiffness. At both the upper and lower bounds of substrate stiffness
probed, there was no difference in YAP/TAZ signaling with HAVDI, indicating that the
mechanism driving this altered interpretation is not functional at these boundaries. Finally,
these alterations in YAP/TAZ localization through HAVDI ligation were sufficient to shift
functional behavior of stem cells at a given substrate stiffness, promoting lineage pathway
commitment and proliferation regimes that would otherwise preferentially occur in a
different mechanical niche. Taken together, these data show that N-Cadherin/HAVDI
signals act to offset ECM-driven YAP/TAZ signaling in MSCs.
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CHAPTER 6: ELUCIDATING THE MECHANOBIOLOGIC
FUNCTION OF HAVDI LIGATION

6.1

METHODS

Many of these methods are continued from Chapter 4.1, and as such these are not
additionally described here. New methods for the methods in Chapter 5 can be seen
bellow.

6.1.1

F-Actin Bundling, Focal Adhesion (FA), and Myosin-IIA Quantification

For F-actin/FA quantification, images were taken using a 100X 1.45 NA objective (0.12
μm/px) on a Nikon A1R Confocal Microscope. Actin anisotropy calculations on the
apical/basal plane of the cell were carried out using a freely-available plugin for ImageJ,
FibrilTool, previously described in(Boudaoud, Burian et al. 2014). Briefly, confocal slices
of the apical and basal planes of the cell were taken, and the inner region of the cell
(defined as excluding the outside 15% to avoid artifacts) was selected as the quantification
area. Anisotropy ratios are reported on a scale from 0 (perfectly isotropic) to 1 (perfectly
anisotropic). Analysis of focal adhesion characteristics were performed on paxillin images
using the FAAS analysis platform(Berginski and Gomez 2013) with input parameters of 5
threshold and a minimum adhesion size of 0.17 μm2. Myosin-IIA content in focal adhesions
was analyzed through double-immunofluorescence staining for paxillin and myosin-IIA.
Images were taken using a 100X 1.45 NA objective with a 1.7x zoom (0.07 μm/px) and a
pinhole of 0.15 μm (0.5AU) on a Nikon A1R Confocal Microscope. Analysis to determine
109

Myosin-IIA accumulation in focal adhesions was performed in a manner similar to that
described in(Pasapera, Plotnikov et al. 2015). First, the paxillin channel was thresholded
(as described above) to create a focal adhesion mask, background levels of myosin-IIA
staining were set at 1.5x the local background from around the focal adhesion mask, and
these values were subtracted from the myosin-IIA channel to create a thresholded myosinIIA signal. Data shown represent the percentage of focal adhesion area that is myosinIIA-positive after this thresholding.
6.1.2

Traction Force Microscopy (TFM)
Traction force microscopy was performed as described previously(Driscoll,

Cosgrove et al. 2015). Prior to polymerization, MeHA hydrogel precursor was doped with
0.2 μm diameter fluorescent microspheres at 1% v/v (#F8810; Invitrogen, Carlsbad, CA).
MeHA hydrogels were UV cured to a modulus of 10 kPa (as verified by AFM) for all TFM
experiments. Small drops of a UV-curable fixative (NOA68; Norland Products,
Cranbury, NJ), secured the MeHA-covered glass coverslips in a live cell imaging bath.
MeHA hydrogels were subsequently washed three times with PBS and sterilized under
germicidal UV light for 1 hr. MSCs were seeded on MeHA hydrogels at 3,000 cells/cm2
and allowed to culture for 18 hour before TFM analysis was performed. Phase contrast
and fluorescent images of multiple cells and embedded beads were captured at 40x
magnification on a DeltaVision Deconvolution Microscope (GE Healthcare Life Sciences,
Marlborough, MA). Image sequences for each cell were taken before and after cell lysis
with SDS (sodium dodecyl sulfate) buffer. All imaging was performed in an environmental
chamber (37oC, 5% CO2). Traction force microscopy data analysis (stack alignment,
particle image velocimetry, and Fourier transform traction cytometry) was performed using
a freely available plugin suite for ImageJ, created by Tseng et al.(Tseng, Duchemin110

Pelletier et al. 2012), which was adapted from Dembo and Wang(Dembo and Wang 1999).
For FTTC variables, the Poisson’s ratio of the MeHA hydrogel was assumed to be 0.45
and a regularization parameter of 1e-9 was used. Using a custom MATLAB script, traction
force vector maps were analyzed to determine the average stress generation by each cell
on the underlying substrate.
6.1.3

Adenoviral Transduction

MSCs were allowed to culture for one day prior to the addition of recombinant adenovirus.
Viral titers were added to standard culture medium at 750 MOI. Control (CTL) cells had
no adenovirus added, LacZ cells had a LacZ control virus introduced, and CA Rac1 cells
were transduced with a constitutively active Rac1 V12 mutant construct, as in(Mui, Bae et
al. 2015). Virus was added for 24 hrs, at which point the virus was removed, cells were
washed twice with PBS, followed by normal trypsinization and seeding onto 10 kPa MeHA
hydrogels for further analysis. Transduction efficiency of all constructs was estimated to
be close to 100%, as calculated by staining with an anti-Myc tag antibody (1:200; Abcam
#1263).
6.1.4

Atomic Force Microscopy (AFM)
An Agilent ILM-6000 AFM was utilized to perform force spectroscopy on MeHA

hydrogels to measure elastic moduli. A DNP-10 pyramidal cantilever was utilized
(thermally determined stiffness of 0.2 N/m) to generate force-displacement curves of the
underlying substrate. A total of 16 measurements were taken across each hydrogel.
Elastic moduli at each indentation point were determined through a custom curve fitting
program written in MATLAB, which determined contact point and then fit the first 500 nm
of each profile with the Sneddon approximation of the Hertz model with a pyramidal tip
(α=18˚).
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HAVDI LIGATION REDUCES MSC CONTRACTILITY
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Figure 6-1 – HAVDI/RGD co-presentation attenuates the generation of contractile
force. (a) Representative images of F-actin immunofluorescence on the apical and
basal planes of MSCs cultured on 10 kPa substrates. Actin organization and
polarization was quantified via anisotropy ratios, where more polarized actin yields
higher anisotropy ratios (n=14 cells/group, ** = p<0.01, * = p<0.05 when comparing
within planes, mean ± SEM). (b) Paxillin immunostaining for focal adhesions in
MSCs on 10 kPa substrates (n=18 cells/group for adhesion number, n>1275
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adhesions/group for adhesion area/aspect ratio/length, box plots show 25/50/75th
percentile, whiskers show min/max). (c) Representative traction stress vector maps
for MSCs plated on 10 kPa substrates. Quantification shows average traction stress
generation per cell (n>26 cells/group, mean ± SEM). Scale bars = 10μm.

Based on the aforementioned alterations in downstream mechanosensitive signaling, we
next set out to determine if N-Cadherin ligation of the HAVDI adhesive sequence alters
YAP/TAZ signaling through altering the contractile state of the cell. To accomplish this, we
examined how multiple components of the actin cytoskeleton changed in response to
simultaneous presentation of HAVDI and RGD on 10 kPa substrates. Confocal z-stacks
of F-actin showed that cells plated on intermediate stiffness (10 kPa) scram/RGD
substrates exhibited prominent F-actin organization and alignment, with highly organized
apical stress fibers and a more aligned basilar plane (Figures 6-1A, 6-2). Conversely,
cells on HAVDI/RGD substrates had significantly reduced organization of F-actin
structures (quantified as the F-actin anisotropy ratio) in both the apical and basilar planes.
Paxillin immunostaining was also performed to visualize focal adhesions (FAs) in cells on
scram/RGD and HAVDI/RGD substrates. Analysis of the number of FA showed no
difference between substrates; however, FA area, aspect ratio, and length all decreased
on HAVDI/RGD compared to control hydrogels (Figures 6-1A, 6-3). Further analysis of
the FA populations showed that HAVDI/RGD interaction led to a significant depletion of
the large FA fraction (Figure 6-4). To determine how these changes in the cytoskeleton
altered how cells were mechanically probing and deforming their extracellular
environment, traction force microscopy was performed. Results from this assay showed
that presentation of HAVDI (along with RGD) on 10 kPa substrates resulted in a ~50%
decrease in traction stress generation (Figure 6-1C).
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Figure 6-2 – F-Actin anisotropy of MSCs on MeHA hydrogels. Representative
mosaic confocal microscopy images of apical and basilar F-Actin immunostaining
in MSCs cultured on 10 kPa hydrogels following 1 day of culture in growth media.
Scale bar = 10 μm.

Figure 6-3 – Paxillin immunostaining to assay focal adhesion characteristics.
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Representative mosaic confocal microscopy images of paxillin immunostaining in
MSCs cultured on 10 kPa hydrogels. Scale bar = 10 μm.

Figure 6-4 – Depletion of the large focal adhesion population with culture on
HAVDI/RGD hydrogels. Histograms of focal adhesion length (determined via
Paxillin staining) for MSCs culture on scram/RGD and HAVDI/RGD substrates for
18h, n>1275 adhesion/group for n=18 cells/group. (inset) Percentage of focal
adhesion population over 1.5 μm in length for each cell (n=18 cells/group, **
indicates p<0.01 by Student’s t-test).

Taken together, these data suggest that the ligation of the HAVDI domain from NCadherin alters the ability of MSCs to mechanically probe their microenvironment.
Reduced actin organization and reduced FA size when cell-cell and cell-ECM ligands were
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simultaneously presented at a 1:1 ratio are both indicative of the reduced contractility in
cell-ECM interactions(Fu, Wang et al. 2010). Of note, these changes in contractility
occurred independently of canonical relationships between traction and spreading, as the
reduced traction force occurred without significant differences in the spread cell area. As
such, HAVDI ligation is able to reduce the contractile state of the cell and can perturb the
ability of an MSC to generate contractile forces and deform the underlying substrate,
altering the interpretation of substrate stiffness cues via the mechanosensitive YAP/TAZ
pathway.

6.3

HAVDI LIGATION ALTERS MSC MECHANOSENSING VIA RAC1/MYOSIN-IIA

Based on the above, we next sought to determine the mechanism by which HAVDI peptide
presentation alters the mechanical state of cells on these intermediate stiffness hydrogels.
Given that N-Cadherin serves as a signaling hub for multiple Rho GTPases (RhoA, Rac1),
we tested these pathways in terms of their regulation of the YAP/TAZ response to 10 kPa
HAVDI/RGD hydrogels. First, NSC-23766 was used to inhibit Rac1 activity and Y-27632
was used to inhibit downstream Rho kinase activity (ROCK). Both inhibitors were added
for 1 hour before analysis. Blocking Rac1 with NSC-23766 completely abrogated any
differences in YAP/TAZ nuclear localization between groups. Conversely, blocking ROCK
activity with Y-27632 lowered the overall YAP/TAZ signal in both groups, while maintaining
the significant differences in localization with HAVDI presentation (Figure 6-5). Treatment
with both inhibitors had an additive effect, with overall levels of YAP/TAZ signaling
decreasing and no differences observed in YAP/TAZ nuclear localization. These Rho and
Rac pathway perturbations did not significantly alter the spread cell area between MSCs
on scram/RGD hydrogels and on HAVDI/RGD hydrogels (Figure 6-6).
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Figure 6-5 – HAVDI ligation alters ECM mechanosensing at intermediate substrate
stiffness through Rac1 and Myosin-IIA control of focal adhesion maturation. (a)
Representative YAP/TAZ staining and quantification of nuclear to cytoplasmic
ratios with pharmacologic inhibition of Rac1 (50 μM NSC-23766) or ROCK (10 μM Y27632) in MSCs cultured on 10 kPa substrates (n>51 cells/group, ***=p<0.001 by 1Way ANOVA with Bonferroni post-doc, mean ± SEM). (b) YAP/TAZ ratios after
adenoviral transduction of LacZ controls or constitutively active Rac1 on 10 kPa
substrates (n>64 cells/group, **=p<0.01, ***=p<0.001 by 1-Way ANOVA with
Bonferroni post-hoc, mean ± SEM). (c) Representative confocal images of paxillin
and myosin-IIA in MSCs cultured on 10 kPa substrates. Yellow lines in second
column indicate pixel regions used to generate intensity profiles. (d) Quantification
of focal adhesion area positive for myosin-IIA (n=22 cells/group, **=p<0.01, mean ±
SEM). (e) YAP/TAZ ratios following pharmacologic inhibition of PKCβII with 50/200
nM of LY-333531 for 1 hour (n>55 cells/group, ***=p<0.001 by 1-Way ANOVA with
Bonferroni post-hoc, mean ± SEM). Scale bars = 10 μm.
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Figure 6-6 – Cell spread area following perturbations to Rho and Rac1 signaling.
MSC spread areas corresponding to Figure 4A-B. Comparisons were made
between MSCs on scram/RGD hydrogels and HAVDI/RGD hydrogels (n>51
cells/group, Stats by 1-Way ANOVA with Bonferroni post-hoc testing).

When Rac1 activity was inhibited, we noted that the average YAP/TAZ localization
on the HAVDI/RGD hydrogels did not significantly change, but rather that the YAP/TAZ
ratios dropped significantly in MSCs on the control scram/RGD substrates. This suggested
that the this HAVDI motif from N-Cadherin might already be acting to block Rac1 activity
in MSCs prior to pharmacological inhibition with NSC-23766. This would be consistent
with other findings of lowered Rac1 activation levels after N-Cadherin contact(Charrasse,
Meriane et al. 2002, Ouyang, Lu et al. 2013). To confirm that this was the case, we
transduced MSCs with adenoviral constructs containing a constitutively active (CA)
version of Rac1(Liu, Tan et al. 2010) and monitored YAP/TAZ signaling. Compared to
untreated and LacZ transduced controls, CA Rac1 rescued YAP/TAZ signaling in MSCs
on HAVDI/RGD hydrogels, restoring levels to that observed on control hydrogels (Figure
6-5 B). Overall, these findings support the notion that HAVDI presentation acts to inhibit
Rac1 activation, which thereby leads to altered MSC YAP/TAZ mechanosensing through
alterations in the mechanical state of the cell.
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Next, we sought to understand what pathways Rac1 was controlling in order to
alter the mechanical state of the cell, and why this mechanism was only operative at
intermediate matrix elasticities. It is unlikely that canonical mechanosensitive N-Cadherin
signaling is responsible for these reductions on intermediate stiffness substrates, as
treatment with Y27 (which inhibits ROCK and lowers contractility) lowered overall
YAP/TAZ levels while preserving the HAVDI mediated reductions in nucear YAP/TAZ
(Figure 6-5 A). In previous work, we showed that mechanosensitive mediators of
substrate stiffness sensing in focal adhesions (FAK, p130Cas) could interact with and
control Rac1 activation, altering cellular stiffening and controlling N-Cadherin
expression(Bae, Mui et al. 2014, Mui, Bae et al. 2015). Western blotting showed that
mechanosensitive focal adhesion proteins that normally have increased expression or
activation with increased substrate stiffness (pFAK, p130Cas) were not differentially
activated/expressed in MSCs cultured on 10 kPa scram/RGD or HAVDI/RGD hydrogels
(Figure 6-7). Additionally, it has been shown that actin-bundling proteins downstream of
Rac1, such as cofilin, can control YAP/TAZ localization(Aragona, Panciera et al. 2013).
Consistent with these reports, pCofilin levels decreased with HAVDI presentation, though
this response was of a small magnitude and it is unclear if this expression is upstream or
downstream of actin organizational cues (Figure 6-8).
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Figure 6-7 – Western blotting for upstream mediators of substrate stiffness sensing.
Western blotting for pFAK/p130Cas/pCofilin in MSCs cultured on 10 kPa MeHA
hydrogels for 18 hours. Densitometry plotted as a ratio of phospho-to-total levels
and both groups were normalized such that average values of scram/RGD controls
were equal to 1 (n=3, Stats by paired t-test, mean ± SEM).

Another possible mechanism through which Rac1 could alter the mechanical state of the
cell was recently elucidated in a study which showed that Rac1-GTP can increase the
accumulation of Myosin-IIA in focal adhesions, therein modulating their size and
maturation, as well as downstream functional consequences of FA assembly such as cell
migration(Pasapera, Plotnikov et al. 2015). In this mechanism, active Rac1 was found to
control the phosphorylation of a specific residue on Myosin-IIA (S1916), promoting
Myosin-IIA’s capture in focal adhesions and increasing their maturation and growth.
Importantly for our work, p1916 residue phosphorylation (that regulates the capture) was
found to be highest in cells on intermediate stiffness substrates (8.6 kPa), with p1916
phosphorylation being similarly low on both upper/lower bounds of ECM stiffness (55 kPa
and 0.7 kPa, respectively).
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To determine if this mechanism was operative in the HAVDI-mediated attenuation of
mechanosensing that we observed, we quantified the amount of Myosin-IIA in focal
adhesions utilizing the same computational methods as originally described in this
work(Pasapera, Plotnikov et al. 2015). MSCs cultured on 10 kPa HAVDI/RGD hydrogels
had lower levels of Myosin-IIA in focal adhesions, with a ~35% reduction in the percentage
of focal adhesion area positive for myosin-IIA compared to scram/RGD controls, a
reduction that is consistent with previously reported myosin-IIA incorporation levels
between cells transduced with constitutively active (CA) and dominant negative (DN) Rac1
vectors (Figure 6-5 C/D). Additionally, the original description of this mechanism showed
that myosin-IIA phosphorylation and FA incorporation was mediated by PKCβII activity.
To that end, we treated MSCs on 10 kPa hydrogels with LY-333531, a highly specific
isozyme-selective pharmacological inhibitor of PKCβII (reported IC50= 6 nM). Consistent
with this Rac1/MIIA mechanism being active, treatment with this inhibitor resulted in the
complete abrogation of any differences in YAP/TAZ localization with HAVDI presentation,
in a dose-dependent manner (Figure 6-5 E). These changes occurred in MSCs cultured
on scram/RGD substrates but did not significantly alter YAP/TAZ ratios of MSCs cultured
on HAVDI/RGD substrates, likely due to the fact that the Rac1 activity that governs this
mechanism is already low in MSCs on these HAVDI/RGD substrates. Taken together,
these findings indicate that this Rac1 mechanism likely controls the HAVDI-mediated
attenuation of ECM mechanosensing by MSCs.

Importantly, the implication of this Rac1-MyosinIIA mechanism in HAVDI-mediated
attenuation of ECM mechanosensing helps to explicate why this phenomenon only
occurred at an intermediate stiffness (Chapter 5). Rac1 has previously been found to play
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a role in establishing the contractile state of the cell, with cellular elastic moduli decreasing
similarly when treated with Y27 (-ROCK) or NSC (-Rac1 activation) on intermediate
stiffness substrates(Mui, Bae et al. 2015). This data mirrors our YAP/TAZ data after
blocking with Y27 or NSC (Figure 6-5 A), and suggests that there is a baseline decline in
contractile state that arises from reduced Rac1 activity, which likely stems from Rac1GTP’s ability to control actin organization and dynamics through mediators such as Arp2/3
and cofilin(Jaffe and Hall 2005). While the precise molecular mediator between HAVDI/NCadherin and subsequent Rac1 activation is unclear, previous studies have demonstrated
numerous potential pathways though which cadherins can coordinate Rho-GTPase
activation, including the suppression of Rac1 activity(Charrasse, Meriane et al. 2002,
Wildenberg, Dohn et al. 2006, Watanabe, Sato et al. 2009, Ouyang, Lu et al. 2013). Our
data examining the involvement of Rac1 activity and Myosin-IIA localization suggests that
there is enough contractile energy in MSCs on scram/RGD substrates at the intermediate
stiffness to initiate the Rac1-controlled Myosin-IIA recruitment into the FA (Figure 6-5
C/D/E), thereby increasing the contractile state of the cell. However, when HAVDI
interactions are introduced, the subsequent reduction of Rac1-GTP lowers the contractile
state of the cell (Figure 6-5 A/B) and thereby necessitates additional contractile energy
(initiated by increased matrix elasticity) before initiate downstream signaling is initiated.
To further determine the importance of this Rac1 mechanism in driving the mechanical
response to HAVDI ligation, we cultured MSCs on HAVDI/RGD and scram/RGD
substrates of varying stiffness and inhibited Rac1 activity with NSC-23766. Consistent with
the inability of this Rac1 mechanism to operate at lower/higher boundaries of substrate
stiffness, we found no significant differences in YAP/TAZ nuclear localization with HAVDI
presentation on 5 or 20 kPa stiffness substrates following NSC treatment Figure 6-8).
Taken together, these studies show that the HAVDI-mediated alterations in the contractile
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state of the actin cytoskeleton at an intermediate stiffness is the result of reduced Rac1
activation and the subsequent reduction of Myosin-IIA localization into focal adhesions.
More broadly, these data suggest an important role for Rac1 in regulating context-specific
changes in mechanosensing of progenitor cells residing within complex developmental
microenvironments.

Figure 6-8 – Rac1 activation contributes to HAVDI-driven YAP/TAZ signaling on 10
kPa MeHA-RGD substrates, but not on 5 or 20 kPa MeHA substrates. Percent
change in YAP/TAZ nuclear-to-cytoplasmic ratios in MSCs cultured on scram/RGD
and HAVDI/RGD hydrogels following treatment with 50 μM NSC-23766 for 1 hr to
block Rac1 activity (n>53 cells/group, ****=p<0.0001 by 1-Way ANOVA with
Kruskal-Wallis post-hoc, mean ± SEM).
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6.4

OUTLOOK

This work developed a hyaluronic acid hydrogel platform to enable fully decoupled and
modular presentation of cell-cell and cell-ECM adhesive interactions in order to provide
new insight into how these inputs summate to regulate stem cell mechanosensing in
complex developmental mesenchymal microenvironments. Using this platform, we
elucidated a novel mechanobiological mechanism that emerges as a consequence of
diverse adhesive interactions (Figure 6-9). Specifically, we found that biologicallymeaningful epitopes present during mesenchymal development can alter intrinsic force
sensing mechanisms and set points to regulate progenitor cell perception of the
microenvironment. In this mechanism, ligation of the HAVDI adhesive domain from NCadherin EC1 (in the context of constant RGD ligand) led to Rac1-GTP dependent
reductions in the capture of Myosin-IIA into focal adhesions. This lack of Myosin-IIA
incorporated into focal adhesions hindered the maturation of these adhesions with
increasing substrate stiffness, and thereby decreased traction force generation on the
underlying substrate. These alterations in the mechanical state of the cell reduced
mechanosensitive YAP/TAZ translocation to the nucleus, thereby attenuating stem cell
behaviors important for mesenchymal development, including proliferation and osteogenic
differentiation. Collectively, these data establish that, in some physiologic environments,
N-Cadherin ligation can “shield” the cell from the interpretation of exogenous ECM
stiffness cues by limiting the contractile state of the cell.
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Figure 6-9 – A summary of how HAVDI (from N-Cadherin) ligation can alter MSC
mechanosensing of ECM stiffness cues. In normal cell-ECM mechanosensing (in
this case, with fibronectin & RGD), as the stiffness of the underlying matrix
increases, so does the nuclear-to-cytoplasmic localization of YAP/TAZ. This
nuclear YAP/TAZ is a transcriptional regulator of downstream functional outcomes
important in progenitor cells. Additional cell-cell contact via N-Cadherin in
mesenchymal progenitors acts to attenuate ECM mechanosensing of MSCs by
regulating the contractile sate of the cell. In this scenario, N-Cadherin inhibits Rac1GTP levels, which then results in decreased myosin-IIA incorporation into focal
adhesions and reduced contractile force generation. This reduced contractility
leads to reduced YAP/TAZ nuclear localization, which thereby influences cell
behavior. This attenuation of cell-ECM mechanosensing can lead to progenitor cells
behaving as if they were in a different biophysical niche, with cells on intermediate
stiffness substrates (~15 kPa) with N-Cadherin and ECM ligation behaving as if they
were on a much softer substrate (~6 kPa) with only ECM ligands.

More generally, this work highlights how the MSC response to biophysical inputs
can be confounded by other signals present in the complex and time-evolving
microenvironments in which they reside. To date, most of the literature on cadherin
mechanobiology has focused on E-Cadherin/VE-Cadherin within niches where there is
strong adherens junction formation between cells. However, during mesenchymal
development, cadherin based cell-cell interactions are increasingly restricted and reduced
as progenitor cells deposit ECM and interact with their microenvironment(Kalson, Lu et al.
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2015). Given this, during the dynamic process of limb development, HAVDI/N-Cadherin
mediated alteration in ECM mechanosensing likely represents an important regulator of
tissue maturation, where it would function to prevent ECM signals from initiating or altering
lineage specification too early in development. Mechanistically, this could be important in
tissue patterning, where matrix accumulation and maturation could occur until such time
as the “shielding” mediated by HAVDI is overcome, culminating in commitment to the fullydifferentiated phenotype. HAVDI-mediated regulation of ECM mechanosensing may also
be relevant in pathologies that disrupt the balance of cell-ECM and cell-cell signaling, such
as fibrosis and wound healing. While this data illustrates that HAVDI and N-Cadherin
adhesion contribute to mechanosensing, the role of this mechanism in the complex and
time evolving in vivo microenvironment remains to be determined. However, just as the
RGD adhesive domain from fibronectin has proven to be a valuable tool for studying many
aspects of cell-ECM adhesion and signaling, so too might the incorporation of the HAVDI
adhesive domain of N-Cadherin be a useful tool in studying the influence of cell-cell
adhesion and signaling in engineered microenvironments. These results suggest that
HAVDI presentation may be further harnessed towards novel biomaterial design to direct
mesenchymal stem cell behavior and for tuning of the cellular response to substrate
stiffness in regenerative medicine applications.
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CHAPTER 7: MICROENVIRONMENT DIMENSIONALITY
REGULATES NUCLEAR MORPHOLOGY TO DICTATE
CELLULAR MECHANO-ADAPTATION

7.1

INTRODUCTION

Mechanical forces present in the cellular microenvironment are rapidly transmitted through
the actin cytoskeleton to the nucleus, where they can deform chromatin and alter gene
expression as a result (Wang, Tytell et al. 2009, Tajik, Zhang et al. 2016). The nuclear
envelope (NE) functions as a critical element in the translation of these mechanical cues
into changes in gene expression and cellular behavior (Tajik, Zhang et al. 2016). Indeed,
siRNA-mediated knockdown of many nuclear envelope components, including LMNA,
LMNB, emerin, and SUN1/2 show that these elements are all essential for any force–
induced increases in chromatin deformation and gene expression. The nuclear envelope
also plays a critical role in the nuclear translocation of important transcription factors, such
as the mechanosensitive shuttling of YAP/TAZ into the nucleus with increased cytoskeletal
stress. Once in the nucleus, YAP/TAZ is essential for many cellular behaviors including
differentiation and proliferation, and initiates many downstream transcriptional activities
associated with substrate stiffness (Dupont, Morsut et al. 2011). Two important elements
for cytoskeleton connectivity to the NE are the nesprin giant isoforms (which connect Factin to the nuclear envelope) and the nuclear lamina (an intermediate filament network
inside of the nuclear membrane that provides mechanical rigidity to the nucleus and plays
an important role in chromatin organization)(Dechat, Pfleghaar et al. 2008, Turgay,
Eibauer et al. 2017). Additionally, lamin-A/C acts a dynamic mechanosensory element,
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with its expression tightly regulated throughout stem cell development and differentiation
(Pajerowski, Dahl et al. 2007, Swift, Ivanovska et al. 2013, Heo, Driscoll et al. 2016).
Despite the important role that the nucleus plays in cellular mechanotransduction, there
remain many open questions regarding how the structure and function of the NE in stem
cells responds to time-varying properties of the microenvironment.

One of the most striking nuclear envelope morphological features is the presence of a
wrinkled morphology and/or folds (Swift, Ivanovska et al. 2013, Kim and Wirtz 2015, Kim,
Li et al. 2016, Jorgens, Inman et al. 2017). While there has been a great deal of work
characterizing the role nuclear envelope fluctuations and morphologies in nuclear
transport, especially in cancerous cell types (Malhas, Goulbourne et al. 2011), there is
additionally some potential for differences in mechanotransductive events that may also
arise as a consequence of this wrinkled state (Aureille, Belaadi et al. 2016). Force in the
actin cytoskeleton can act on the nucleus through nesprin connections and works to
maintains the nucleus in a pre-stressed state (Mazumder, Roopa et al. 2008). When prestress is low, wrinkles are readily apparent, while when pre-stress is high these wrinkles
disappear as the ‘slack’ in the system is taken up. This is comparable to the mechanical
response of many connective tissues, where an initial toe region allows for low stress
deformation of a tissue until such time as the collagen is pulled into alignment and a higher
modulus (linear region) is engaged (Connizzo, Yannascoli et al. 2013). We hypothesized
that the wrinkled nuclear envelope may act as a “toe region” for the nucleus, where these
wrinkles arise as a consequence of lower levels of cytoskeletal mechanical forces acting
on the nuclei, and the nucleus is progressively pulled tauter (effectively de-wrinkling) as
contractile energy increases in the cell. In this work, we sought to determine how the
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nuclear envelope architecture of mesenchymal stem cells changes during mechanoadaptation to variation in internal and external biophysical inputs, and further how this
behavior operates in both 3D engineered microenvironments and in the context of native
tissues during development.

7.2

METHODS

7.2.1

Methacrylated Hyaluronic Acid (MeHA) Hydrogel Synthesis and Casting

MeHA was synthesized as previously reported(Burdick, Chung et al. 2005), where
methacrylic anhydride was reacted with 1% w/v sodium hyaluronate (70 kDa, Lifecore
Biosciences) in dH2O with pH maintained at 8 ± 0.5. After reacting for 6h, the macromer
solution was purified via dialysis (MW cutoff of 6-8 kDa) and then lyophilized for storage.
Methacrylation level was confirmed to be ~31% by 1H NMR (Figure 5-1). 1mM of small
peptide sequences (Genscript) from adhesive domains for fibronectin (GCGYGRGDSPG)
were covalently conjugated to the HA backbone via Michael-type addition reactions of the
cysteine residues on these peptides with the methacrylate on the HA backbone. Peptide
coupling occurred at room temperature for 45 minutes in TEA buffer (pH 10.5, Sigma).
Thin hydrogel films (thickness = 100 μm) of 3% w/v MeHA were cast and polymerized on
methacrylated glass coverslips (as in [(Marklein and Burdick 2010)]) that allowed for
covalent attachment of the MeHA hydrogel to the coverslip hydrogel during UV
polymerization. Irgacure-2959 was added to this MeHA precursor solution at a final
concertation of 0.05% v/v and then polymerized using a UV polymerization box with an
output of 4.5 mW/cm2 at a wavelength of 365nm. Varied polymerization times were used
to alter hydrogel mechanics.
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7.2.2

Cell Isolation, Culture, and Pharmacologic Inhibition

Juvenile bovine MSCs were harvested from tibio-femoral bone marrow as previously
described by Huang et al(Huang, Yeger-McKeever et al. 2008). All MSCs were cultured
in standard growth media (HG-DMEM, 10% fetal bovine serum (FBS), and 1% penicillin,
streptomycin, Fungizone (PSF)) for all experiments, and were cultured on tissue culture
plastic (TCP) for one passage prior to re-plating on the MeHA substrates. Osteogenic
induction media (growth media with 0.1 µM dexamethasone, 50 mg/mL ascorbate-2phosphate, and 10 mM b-glycerophosphate) was used for assaying the MSC osteogenic
differentiation capability. For substrate studies, cells were seeded at a density of 3,000
cells/cm2 to prevent cell-cell interactions. Once seeded, MSCs were cultured on MeHA
hydrogels for 18 hrs before subsequent fixation. For pharmacologic inhibition studies,
Inhibitors were added into the culture media prior to fixation and subsequent analyses as
follows: 25 µM ML7 for 60min, 50 µM LPA for 30min.

7.2.3

Immunostaining and Quantification of Confocal Imaging

For normal immunostaining, MSCs were fixed in room temperature 4% PFA for 18 min,
and then washed three times with PBS, followed by 10 min permeabilization at 4oC with
0.05% Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM magnesium
chloride. Primary antibodies were diluted in 1% BSA in PBS and added overnight at 4oC.
Antibodies and dilutions used in this study included anti-YAP/TAZ (1:200; Santa Cruz #sc101199), anti-YAP (1:200; Santa Cruz #sc-15407), anti-LMNA (1:400; Abcam#133256),
anti-LMNA (1:100; Thermo#MA3-1000), anti-RARγ1 (1:200; Cell Signaling #8965), antiMKL1 [MRTFa] (1:200; Abcam#49311). After three PBS rinses, AlexaFluor-488/546 [H+L]
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secondary antibodies (Molecular Probes) were added for 1hr at room temperature. F-Actin
staining was performed using AlexaFluor-conjugated phallodiin (1:1000; Molecular Probes
#A22283) added in with the secondary antibodies and incubated for 1hr at room
temperature. Following this incubation, three additional PBS rinses were followed by DAPI
staining and mounting using ProLong Gold AntiFade (Life Technologies #P36935).
Images were taken on a Nikon A1R Confocal Microscope at 100x 1.4 NA (0.082 μm/px).
Transcription factor localization ratios were quantified through immunostaining with a
pinhole diameter of 100 μm (3 AU). Nuclear images were utilized to delineate the nuclear
area from the cytoplasmic region of the cell, and the average fluorescent intensity over
each region was calculated using ImageJ as in (Driscoll, Cosgrove et al. 2015).

7.2.4

Lentiviral Delivery of miRNA

Knockdown of nesprin-1G was accomplished as described previously (Driscoll, Cosgrove
et al. 2015). In short, inhibitory miRNA were delivered to MSCs using lentiviral particles
packaged with the Block-it Block-it Lentiviral Pol II miR RNAi Expression System with
EmGFP (Invitrogen) targeted towards the N-terminal actin binding calponin homology
domain. Three different vectors were tested and the miRNA sequence with the greatest
knockdown was used for all studies (TGCCGAGGACCTTCATCTTCT). Following
production of viral particles (Driscoll, Cosgrove et al. 2015), viral particles in growth media
were added to MSCs at a 1:10 dilution, and left on the cells for 24 hours before the virus
was removed. Cells were left on TCP for one additional day before being transferred to 10
kPa hydrogels and subjected to normal experimental procedures. Prior to nuclear
wrinkling analysis, cells were binned out for infection by the N1G knockdown construct by
screening for only GFP+ cells. For experiments on polyacrylamide gels, cells were infected
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overnight followed by four days on TCP prior to reseeding on polyacrylamide gels.

7.2.5

Traction Force Microscopy

Traction force microscopy was performed as extensively detailed in Chapter 4, and an
experimental summary of these procedures can be further found in section 6.1.2.

7.2.6

Mouse Studies, Cryosectioning, and Immunostaining Sections

All animal procedures were approved by IACUC at the University of Pennsylvania.
Col1a1(2.3kb)-GFPemd mice of CD1 background were generated as previously described
(Kalajzic, Kalajzic et al. 2002). Animals were scarified at either 3/24/63 days postnatal
(“P3”/”P24”/”P63”) and tissue specimens were embedded in Cryomatrix (Thermo
Scientific, Waltham, MA) and 7–8 μm tissue sections were created using a cryofilm
technique (Dyment, Jiang et al. 2016). Tissue sections were rehydrated with PBS prior to
immunostaining. Sections were blocked for 1hr at RT in a blocking buffer (2%BSA/0.25%
TritonX-100) prior to labelling with primary anitbodies in blocking buffer overnight at 4C in
a humidified box. Slides were rinsed 3x15min with PBS before secondary labelling for 2hr
at RT in blocking buffer, followed by another 3x15min series of PBS rinses before
mounting the coverslips in DAPI ProLong AntiFade. Slides were imaged on the
AxioScan.Z1 microscope (Carl Zeiss Microscopy, Thornwood, NY) at 20x for the low
resolution stitched images, and sections were subsequently imaged on a Nikon A1R
confocal microscope with a 60x 1.4NA objective for the cellular images. Wrinkling images
were from sum of slice projections from Lamin-A/C immunostaining, and YAP/TAZ
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nuclear-to-cytoplasmic ratios were calculated from single confocal slices of the midplane
of cells as previously described (Cosgrove, Mui et al. 2016).

7.2.7

NorHA Synthesis, Peptide Conjugation, and Cell Encapsulation

NorHA synthesis protocols were based off a previously described method, as discussed
in more detail in (Gramlich, Kim et al. 2013, Caliari, Vega et al. 2016), where norbornene
was conjugated to the HA backbone at 20% modification. Degradable peptides were
synthesized as described previously (GCNSVPMS||YMRGGSNCG) (Wade, Bassin et al.
2015). Cells were mixed with 4% (w/v) NorHA at 1 million cells/mL, and this mixture was
photopolymerized with 2mM lithium acylphosphinate (LAP) for 5min in the presence of
both RGD peptides (GCGYGRGDSPG) and degradable di-thiol peptide sequences (at a
thoil-norbornene ratio of 0.45). 3D hydrogels were formed in plastic molds (50uL, 4.5mm
x 2.5mm thickness) and cultured in standard growth medium (HG dishes with for five days
prior to analysis. Elastic moduli of the hydrogel was verified to be ~7 kPa via AFM.

7.2.8

Statistical Analysis

All experiments were performed using 2-3 MSC or mouse donors and at least 3 replicate
hydrogels per condition unless otherwise noted. Statistical comparisons were performed
using an independent sample t-test when only two groups were being compared, and oneor two-way analysis of variance (ANOVA) with Bonferroni’s post hoc testing used to make
pairwise comparisons between multiple groups. Statistical significance was set to p < 0.05.
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7.3

NUCLEAR WRINKLING ON 2D PLANAR MICROENVIRONMENTS

To first characterize the baseline nuclear morphology in juvenile bovine MSCs, these cells
were seeded onto thin (h=100μm) 2D methacrylated hyaluronic acid hydrogels (MeHA)
that were functionalized with RGD and UV polymerized to a substrate stiffness of 10kPa
(as verified by AFM) unless indicated otherwise. Interestingly, immunostaining for laminA/C and subsequent confocal imaging showed a clear wrinkling architecture (Figure 7-1).
This NE wrinkling exhibited no clear polarity and was present on both the apical and basal
planes of the cell. Other work on rigid substrates has shown that a polarized perinuclear
F-actin cap has been reported as a strong mediator of nuclear deformation (Khatau, Hale
et al. 2009), and since this original work there have been many other descriptions of how
this actin cap can mediate mechanotransductive behaviors on softer more physiologicallysoft 2D substrates (Kim, Khatau et al. 2012) and across short timescales (Chambliss,
Khatau et al. 2013). Additionally, super resolution microscopy techniques have highlighted
that in polarized cases with lower amounts of nuclear pre-stress, apical-side nuclear
invaginations can result from F-actin being pushed into the nucleus (Versaevel,
Braquenier et al. 2014). In our 2D MeHA system with MSCs, we identified NE wrinkling in
multiple modalities; (i) crumpled NE wrinkles (ii) NE wrinkles present on both the apical
side and basal side, or (iii) wrinkles on only the basal side (Figure 7-2). This is contrary to
other reports that the nuclei typically have actin-indentations on the apical side, and is
likely due to the combination of these primary mesenchymal cells having low inherent
contractile force generation and less polarity than compared to highly-contractile HUVEC
cells on aligned micropatterns (Versaevel, Braquenier et al. 2014). Additionally, this
indicates that some wrinkles likely arise due to F-actin induced nuclear deformation, while
others result from changes in force across the nuclear envelope and subsequent collapse.
Immunostaining of lamin-A/C in coupling with either lamin-B1, or pan-nucleoporin (“NPC”)
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antibodies for nuclear pore complexes, showed that these nuclear wrinkles occurred in
the entire nuclear envelope across many components rather than occurring specifically in
one compartment (Figure 7-2). Lamin-A/C protein expression has been found to change
along with force (Buxboim, Swift et al. 2014), while lamin-B1/2 and are generally stable
with changes in the mechanical state of the cell (Swift, Ivanovska et al. 2013). With this in
mind, we decided to focus on the nuclear envelope wrinkling as seen in lamin-A/C
immunostaining, as this is potentially the most dynamic component out of all of the NE
constituents assayed.

Figure 7-1 – Examples of nuclear wrinkling throughout the z-stack of two cells
immunostained for lamin-A/C. Wrinkling can be seen on both the basal and apical
planes.
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Figure 7-2 – Wrinkling morphology persists across multiple structural
components of MSC nuclei including lamin-A/C, Lamin-B1, and nuclear pore
complexes (“NPC”). Images taken from MSCs on 2D MeHA films with E=10 kPa.

After noticing a trend of wrinkles resulting from crumpling in the nuclear envelope, we
wanted to further understand how this wrinkled nuclear envelope architecture changed in
response to mechanical perturbations on the cell. At baseline, a clear majority of cells
plated on rigid glass/TCP substrates had smooth nuclei with little to no wrinkling. However,
~50% of the nuclei in cells on 2D MeHA hydrogel substrates with a bulk modulus of 10kPa
exhibited wrinkled nuclei, likely reflecting the heterogeneous nature of the contractility in
MSC populations (as discussed in Chapter 4). On these intermediately-stiff substrates, we
noted a trend wherein cells with low spread area had tall nuclei that exhibited a great deal
of wrinkling, and when MSCs had increased amounts of spreading and contractility, we
notice these nuclei get “pulled taut” such that there was a higher nuclear spread area and
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a much lower nuclear height with very little wrinkling occurring across the nuclear envelope
(Figure 7-3). This suggested that increased cellular spreading and contractility in these
MSCs drives changes in nuclear wrinkling morphology.

To better quantify these changes in NE wrinkling, we developed custom edge-based
detection algorithms to quantify the number of contrast boundaries on maximum projection
images of lamin-A/C-stained nuclei. Since these wrinkles visually appear as brighter foci,
likely due to these wrinkles being spots where lamin folded in on itself, maximum projection
images appear as summations of these wrinkles across the entire z-axis. As such, the
strong changes in labeling intensity for wrinkled structures coupled with edge-detection
algortihms (Figure 7-4, left) provided a computationally-efficient and objective measure of
nuclear wrinkling, where wrinkling is reported as a fraction the overall nuclear area (Figure
7-4). This metric is similar in concept to other methods for edge-detection based
measurement of chromatin condensation in stem cell nuclei (Irianto, Swift et al. 2013,
Irianto, Lee et al. 2014, Heo, Thorpe et al. 2015). Across all datasets, this “Wrinkle Index”
was found to range from 0 to ~20%. However, it is important to note that this approach is
semi-quantitative, as there could be overlapping regions in the Z-axis that would mask
wrinkles, or there could be thin wrinkles in which the wrinkling area is higher than the one
or two pixel gap in-between the wrinkle. Here, we optimized the pixel size during image
acquisition such that wrinkles were general 2-3 pixels in width (preventing the bias with
wide wrinkles). This method was used as an unbiased measurement tool in subsequent
analyses.
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Figure 7-3 – Maximum projections and corresponding single XZ slices of
representative MSC nuclei on 10kPa 2D MeHA substrates. The spread area of
MSCs these nuclei are from increase from left to right on the image, highlighting
how increased cell spreading and contractility in these cells drive changes in
nuclear wrinkling morphology. SB = 5μm.
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Figure 7-4 – Summary of edge-detection based methodology for quantifying the
nuclear wrinkling index. 100x confocal images were used to create maximum
intensity projections of Lamin-A/C staining across the stem cell nuclei (left). Then,
a custom ImageJ script using a edge-based detection of intensity gradients was
employed to create a wrinkling boundary map (middle), which can be seen
superimposed on the raw wrinkling image (right). The nuclear wrinkling index in
this work represents the pixel fraction of wrinkling edges to the nuclear area. SB =
10μm.

Next, to perturb the contractile state of the cell over short time scales and determine its
effect on nuclear wrinkling, we used pharmacologic agonists and inhibitors of cellular
contractility. Contractility was increased using lysophosphatidic acid (LPA) for 30 minutes,
or decreased with ML7 treatment (a myosin light chain kinase inhibitor) for 60 minutes.
Importantly, these two pharmacologic agents do not decrease nuclear-actin connectivity
(Driscoll, Cosgrove et al. 2015), thus preserving an important boundary condition
throughout these perturbations. In our hands, 25μM ML7 decreased cell traction stress
generation by around 90% with a 60 minute treatment, and 50μM LPA was found to
increase traction stress generation by 60% over a 30 minute treatment (Driscoll, Cosgrove
et al. 2015). These short timescales allowed for us to examine the influence of contractility
on nuclear architecture in the absence of expression-mediated mechano-adaption via new
protein synthesis. This is also outside of the time window for changes in lamin-A/C
degradation to significantly affect structure of the lamina. With these treatments, we found
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that increasing cellular contractility with LPA resulted in significantly reduced wrinkling in
MSCs on 10kPa substrates, with a decreased nuclear height and increased cell spread
area (Figure 7-5). Treatment with ML7 resulted in the opposite effects, wherein nuclear
wrinkling significantly increased along with nuclear height, and nuclear spread area
decreased (Figure 7-5). Taken together, these data support the idea that changes in
actomyosin contractility can acutely change the nuclear wrinkling morphology, and that
this is linked to traction generation in 2D culture.
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Figure 7-5 – Representative Lamin-A/C max projection images for MSCs on 10
kPa 2D MeHA gels in control conditions or following treatment with LPA for
30m or ML7 for 60m. Four representative nuclei are shown for each condition.
Quantifications of (bottom left) wrinkle index, (bottom middle) spread area, and
(bottom right) percent change in height of nuclei in these perturbations. n > 19
nuclei/group. SB = 10 μm.
7.4

NUCLEAR WRINKLING (2D) RESULTS FROM LOW NUCLEAR PRE-STRESS

Next, we analyzed wrinkling indices from z-stacks of >100 MSCs cultured across five
different physiologic substrate stiffness conditions. While we found no significant
differences between any of the substrates tested, there was a trend towards reduced
wrinkling with increased substrate stiffness, and after ~18hr on each substrate the nuclei
appear to reach a wrinkling equilibrium around 6-8% wrinkling index (Figure 7-6). This
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intermediate amount of wrinkling present across all stiffness substrates may allow the
nucleus to respond quickly to mechanical cues and act as a shock absorber (Dahl, Kahn
et al. 2004). Further analysis of all substrate groups binned together by wrinkle index
showed a strong correlation in which wrinkling index decreased as cell spread area
increased (Figure 7-7). Cell spreading is generally driven by changes in contractility (Fu,
Wang et al. 2010), and in accordance with this, eventually as wrinkles are removed by this
increase cellular contractility, we see a new regime of cellular behavior emerge.
Interestingly, bilinear curve-fits identified two distinct regions of the wrinkling response: a
dewrinkling regime where there are large changes in NE wrinkling with only small changes
in cellular spread area/cytoskeletal tension, and a nuclear pre-stress regime, where there
is low nuclear wrinkling which seems to coincide with increases in cellular spreading and
cytoskeletal tension. This suggests that in 2D, the nuclear envelope acts like a “toe region”
to the buildup of cytoskeletal pre-stress, wherein any input energy to the cytoskeleton
functions to first remove nuclear wrinkles and pull the envelope taut, and only at that point
(between 5% wrinkling and 0% wrinkling) did we see associated increases in cellular
spreading.
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Figure 7-6 – Quantifications of nuclear envelope Wrinkle Index (%) across six
different substrate stiffness values. n>20 cells/group.

Figure 7-7 – Cell spread area compared to wrinkle index (plotted as decreasing,
from 20 to 0%) of MSCs cultured across five different stiffness MeHA hydrogels.
Red line indicates bilinear fit of dewrinkling and pre-stress regimes. n=101 nuclei
over five stiffness conditions.
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One important downstream effect of cytoskeletal stress is the force-induced nuclear
translocation of transcription factors, such as YAP/TAZ, RARγ, and MRTFa, which are
essential for initiating gene expression changes downstream of exogenous mechanical
stimuli (Dupont, Morsut et al. 2011, Ho, Jaalouk et al. 2013, Swift, Ivanovska et al. 2013,
Li, Talele et al. 2016). Once in the nucleus, these factors initiate many of the downstream
changes in gene expression associated with mechanical perturbations, such as changes
in substrate stiffness, and are essential factors for mechanotransduction. To determine
how nuclear wrinkling states associated with various nuclear-to-cytoplasmic ratios (“N/C
ratio”) of these mechanically-activated transcription factors, we simultaneously quantified
the wrinkling indices and the N/C ratios of these factors in individual cells, across a range
of mechanical conditions. For all three transcription factors, we found strong associations
between the two wrinkling regimes, where the dewrinkling regime (typically 20% -to- 5%
wrinkling) exhibited significantly lower nuclear translocation for all three transcription
factors, and there was a general trend of reduced TF nuclear localization with increased
nuclear wrinkling (Figure 7-8). Together, this suggests that the generation of cytoskeletal
stress is intrinsically linked to cytoskeletal-to-nuclear interaction with the nuclear wrinkling
state.
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Figure 7-8 – (left) Representative images of transcription factor localization
images for cells in either the pre-stress regime (“PS”) or the dewrinkling regime
(“DW”). (right) Quantifications of corresponding transcription factor nuclear to
cytoplasmic (N/C) ratios. Corresponding maximum projection lamin-A/C images
are inset. n=9-42 cells/group, boxes represent IQR, ***=p<0.001, ****=p<0.0001 by
Student’s t-test.
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In a further set of studies, we examined how reduction of cytoskeletal to nuclear
connectivity via Nesprin-1G knockdown (N1G) altered nuclear YAP/TAZ translocation and
NE wrinkling in both polyacrylamide gels and 2D MeHA hydrogels. Traction force
generation by N1G knockdown cells increased by ~300% compared to miRNA negative
controls (Figure 7-9A), a finding consistent with N1G knockdowns in other studies
(Khatau, Hale et al. 2009). Despite this increase in contractility, N1G connectivity was
found to be required for normal YAP/TAZ translocation with increased substrate stiffness
(Figure 7-9B), mirroring our similar findings in electrospun nanofibrous systems
undergoing tensile deformation (Driscoll, Cosgrove et al. 2015). Knockdown of N1G
increased baseline levels of NE wrinkling compared to miRNA negative controls, and
prevented changes in nuclear wrinkling and shape that normally occur with addition of
LPA (Figure 7-9C/D). This suggests that the default nuclear envelope conformation in a
force-null environment is a wrinkled state, and nesprin-1G plays a crucial role in
mechanotransduction and is critical for proper mechanosensing to occur. Surprisingly this
mechanical pre-stress on the nucleus seems to be an important aspect in dictating nuclear
stiffness and deformation, while almost all the nesprin-1G knockdown nuclei exhibited
increased wrinkling, some of the nesprin-1 knockdown nuclei additionally exhibited some
deep wrinkles from the basal side sharply into the apical plane, likely caused by F-Actin
protrusions in this low nuclear pre-stress state (Figure 7-10). These studies and previous
work from our group (Driscoll, Cosgrove et al. 2015) together highlight how proper
YAP/TAZ nuclear translocation does not depend on the contractile state of the cell per se,
rather it depends on the level of nuclear strain and the proper transition of cytoskeletal
strain into nuclear strain.
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Figure 7-9 – (A) Traction force generation in miRNA Neg control and N1G
knockdown MSCs on 5kPa PA substrates n=11-23 cells/group. (B) YAP/TAZ
nuclear ratios of MSCs on 5 and 55kPa polyacrylamide substrates, n>45 cells
/group. Nuclear wrinkling indices (C) and spread area (D) of Neg control and N1G
knockdown MSCs cultured on 10kPa 2D MeHA hydrogels before and after 30m
LPA treatment, n>34cells/group.
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Figure 7-10 – (A) Representative nuclei and maximum projections used to
calculate nuclear envelope wrinkling following nesprin-1G knockdown with and
without addition of 50μM LPA for 30 minutes. (B) Example image of F-actin
indentations from the basal to apical side of the nucleus (arrows) following the
loss of nuclear pre-stress following nesprin-1G knockdown.

These studies highlight the importance of pre-stress and laxity of the nuclear
envelope in dictating the mechanoresponsivity of stem cells to biophysical inputs in 2D
planar systems. Here, nuclear wrinkling appears to act as a strain sink (Heo, Driscoll et al.
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2016), where NE wrinkles must first be smoothed out before pre-stress can be built up in
both the NE and the cell. NE wrinkling thus creates a “toe region” in the cellular response
to exogenous force, providing a buffer to pre-stress generation while also potentially
enabling rapid changes in chromatin architecture in response to physiologic mechanical
loading. In addition, we found that nesprin-1G and nuclear strain is essential for proper
mechanosensing and YAP/TAZ translocation, and that loss of this nuclear connectivity
subsequently regulates the NE wrinkling state. This data provides further insight into why
N1G connectivity is an essential regulator of YAP/TAZ translocation, as loss of nuclear
connectivity induces NE wrinkling and forces the cell to the dewrinkling regime where
nuclear pre-stress cannot be built up. It is possible that NE wrinkling directly influences
these phenotypes, either through interaction nuclear import/export mechanisms and/or
chromatin dynamics, such as altering chromatin accessibility, making YAP/TAZ-to-TEAD
binding more amenable.

7.5

MESENCHYMAL TISSUE ASSESSMENT OF NUCLEAR MORPHOLOGY

While we found that the nuclear wrinkling state was strongly influenced and intertwined
with the contractile state of the cell on 2D planar substrates of varying stiffness, it is
important to reinforce these in vitro predictions through further examination of how
mesenchymal cells behave in their native microenvironments. As mesenchymal stromal
cells were utilized in the 2D planar studies, we took histological sections from mouse knee
joints at P3 and performed immunostaining to analyze the degree of nuclear wrinkling and
YAP/TAZ translocation of the mesenchymal cells present in the native, fibrous, and
anisotropic microenvironments present in many mesenchymal tissues. In particular, the
meniscus is one interesting system to explore questions about the cellular response, as it
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exhibits strong regionality between a fibrous “outer zone” and a more proteoglycan-rich
cartilaginous ‘center/inner zone’ (Upton, Chen et al. 2006, Sanchez-Adams, Willard et al.
2011, Vanderploeg, Wilson et al. 2012). Additionally, there is a highly anisotropic fiber
structure (Li, Doyran et al. 2015, Li, Qu et al. 2017) present in the meniscus, with
circumferentially-organized collagen-I fiber bundles interspersed with radially-aligned
collagen fibers (Skaggs, Warden et al. 1994). The bulk tissue mechanical response via
AFM has been previously measured as being around E=6MPa (Li, Doyran et al. 2015),
and the local cellular bulk modulus has been measured to be ~50-150kPa depending on
the fiber orientation and histologic section orientation measured (Adams, Wilusz et al.
2013, McNulty and Guilak 2015, Li, Qu et al. 2017). This anisotropic fiber structure is
common to many connective tissues throughout the body, and further examination of the
cells across various regions of the meniscus allows one to probe a variety of mechanical
microenvironments and tissue organizations within the same tissue.
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Figure 7-11 – A stitched immunostaining example of a whole-mount P63
(skeletally-mature) mouse knee joint, stained with DAPI, phalloidin (F-actin), and
lamin-A/C with the endogenous Col1(2.3kb) reporter activity of ECM. The boxed
section shows the meniscus and articular cartilage region that was targeted for
further cellular analysis.

After examining mouse knee joints from multiple ages (Figure 7-11), we decided
that analyzing tissues from P3 mice, as these provided a tissue state where the
fundamental features have been established and the tissue is rapidly developing.
Following lamin-A/C immunostaining of 7.5μm thick sections, z-stacks of the tissue
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sections were taken on a confocal microscope, and maximum projection images were
generated form the resulting stacks (Figure 7-12). Cells from the inner and central
meniscus exhibited low amounts of nuclear envelope wrinkling, whereas cells from the
outer meniscus and the primary ossification center in bone had very clear nuclear
envelope wrinkles (Figure 7-12). Common to the two niches wherein cells exhibited
nuclear wrinkling is the fact that these environments have stronger degrees of anisotropy,
and are generally thought of as niches that promote increased contractility. Indeed, FActin staining revealed the differences in the cellular morphology between the outer and
inner meniscal regions, with cells residing in the outer menisci having brighter F-actin
staining and clearly more polarized morphologies, especially as seen in posterior menisci
sections where a striking branching morphology can be seen, as compared to the
relatively isotropic inner meniscus cells with mostly cortical F-actin (Figure 7-13).
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Figure 7-12 – 100x confocal maximum projections of lamin-A/C from a 7.5μm think
mouse knee section (P3). Divider line between articular cartilage and anterior
meniscus is marked. (bottom) Zoom in views on various regions through the knee
section.
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Figure 7-13 – Phalloidin staining of F-Actin in P3 mouse menisci. (left) Anterior
menisci with zoom in regions for outer and inner meniscus sections. (right) zoom
in view of outer corner of the posterior meniscus, where branching morphologies
can be seen in cells residing in the outer meniscus region.

Next, we wanted to asses if nuclear wrinkling in vivo led to similar YAP/TAZ nuclear
localization trends to that seen in 2D planar culture. YAP/TAZ nuclear localization is a
good marker for the mechanical state of the cell and subsequent downstream behaviors
(in the case of constant nuclear strain transfer via nesprin-1G). Interestingly, YAP/TAZ
nuclear localization was highest in cells residing in the outer meniscus and primary
ossification center regions (which exhibited high amounts of nuclear wrinkling), whereas
YAP/TAZ localization was largely cytoplasmic in cells residing in the center/inner
meniscus (which exhibited low nuclear wrinkling) and quantification revealed significantly
lower YAP/TAZ N/C ratios in these regions (Figure 7-14). This highlighted how nuclear
wrinkling in mesenchymal tissues is associated with an increased contractile state, in
which there is increased YAP/TAZ translocation and a highly-polarized F-actin stricture.
Given these findings, in a 3D tissue context, nuclear wrinkling behaves in exactly the
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opposite way as predicted following experiments on soft planar MeHA hydrogels, forcing
us to re-evaluate the model systems we chose to study nuclear mechanobiology.

Figure 7-14 – (left) Representative images of YAP/TAZ immunostaining in a P3
mouse knee section (red=YAP, blue=DAPI) across four different locations. (right)
Quantifications of the corresponding YAP/TAZ ratios across these regions. n > 18
cells/group. Red represent mean +/- SEM, **=p<0.01, ***=p<0.001, ****=p<0.0001,
stats by 1-Way ANOVA with Sidak’s posthoc testing.

7.6

INFLUENCE OF MATERIAL DIMENSIONALITY ON NUCLEAR WRINKLING

While there could be many distinct characteristics of the tissue niche that result in this
unexpected behavior of contractile morphologies in tissue as compared to 2D planar gels
(including osmotic pressure changes, differences in cell type and receptor expression,
etc.), we hypothesized that this change in nuclear wrinkling and mechanical state resulted
from changes in how contractility and strain on the nuclear envelope can be generated in
a 3D environment, and how anisotropy can further change nuclear mechanoadaptation in
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these 3D microenvironments. In 2D culture scenarios, the nucleus is subjected to both
tension and compressive loads by F-actin, where F-actin can generate tension on the
nuclear envelope via nesprin-1G interactions, and the perinuclear actin cap can act as a
compressive element, exhibiting downward apical to basal directed uniform compression
(Belaadi, Aureille et al. 2016), catalyzing the spreading of the nucleus across the XY axis
and the removal/smoothing of wrinkles in the process. However, in fibrous 3D
environments, there are many more ways to generate nuclear strain in a dense fibrous
microenvironment because there are ECM adhesive interactions surrounding the cell in
every direction. If this influence of dimensionality on nuclear strain generation is indeed
the driving cause, one system in which we can explore these questions further is using 3D
HA hydrogel platforms. However, traditional 3D hydrogel environments restrict cell shape,
as covered in Chapter 2, resulting in greatly reduced nuclear strain and deformation as
the hydrogel stiffness increases (Huebsch, Arany et al. 2010). Given this fact, we sought
to use a MMP-degradable hydrogel platform that would allow for cellular remodeling and
polarization to happen in 3D. One particular platform that can accomplish this is the
Norbornene-HA (NorHA) hydrogel system coupled with MMP-degradable crosslinks
(Caliari, Vega et al. 2016). In these systems, the MMP-degradable crosslinks have been
shown to allow MSCs to spread in 3D and generate increased cytoskeletal tension, further
causing increased YAP nuclear translocation. Here, we utilized this hydrogel platform to
examine if changes dimensionality can indeed alter the generation of nuclear strain, and
if this is responsible for differences in nuclear wrinkling and transcription factor
translocation between 2D substrates and tissue sections.
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Figure 7-15 – Images from MMP-degradable NorHA hydrogel pilot study
(Xthiol=0.45). MSCs were seeded in a hydrogel for 5 days with an initial modulus of
7kPa, followed by fixation and immunostaining for YAP and Lamin-A/C. Summed
z-stacks are shown for all images.

To explore the influence of dimensionality and degradability on nuclear wrinkling
and mechanotransduction, a pilot study was performed wherein juvenile bovine MSCs
were embedded into NorHA hydrogels that were crosslinked with MMP-degradable linkers
(Xthiol=0.45) and polymerized to an initial modulus of E= 7kPa. Following 5 days of culture,
the cells were fixed and then immunostained for lamin-A/C and YAP/TAZ, and z-stacks
were taken on a confocal microscope. When looking at the nuclear/cytoplasmic YAP/TAZ
localization, it becomes apparent that in this environment cells with high YAP/TAZ ratios
exhibited predominately wrinkled nuclei, whereas cells with low YAP/TAZ localization has
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comparatively smoother nuclei (Figure 7-15). Additionally, cells with high YAP/TAZ ratios
in this environment exhibited a much higher degree of spreading in this system, supporting
the idea that these cells have increased contractile force generation, as this spreading
phenotype in a 3D MMP-degradable environment has been previously linked to increased
traction force generation (Khetan, Guvendiren et al. 2013). Taken together, this study
supports the idea that dimensionality is a critical regulator of nuclear morphology and
wrinkling in response to exogenous mechanical forces. Unlike in 2D planar
microenvironments, the ability of a cell to build up the nuclear strain required for the
nuclear translocation of important transcription factors such as YAP/TAZ is correlated with
the wrinkled nuclear envelope phenotype in 3D MMP-degradable environments. In these
cases, the wrinkled NE morphology likely results from F-actin stress fibers being pushed
into the nucleus, causing an increase in nuclear deformation, like that seen in super
resolution microscopy of cells in some 2D micropatterned microenvironments (Versaevel,
Braquenier et al. 2014). Further, these nuclear wrinkles/indents caused by the F-actin
depressions not only are likely the cause of increased nuclear strain, but could represent
some nesprin-mediated reinforcement, as the contact surface area of nuclear envelope to
F-actin would be greatly increased and could lead to local increases in nesprin clustering
(Versaevel, Braquenier et al. 2014). In summary, 3D MMP-degradable HA hydrogels
seem to be an appropriate model system for mimicking the native nuclear wrinkling
morphology seen in native tissues, and suggest that many of the nuclear morphologies
observed in 2D planar microenvironments could be artifacts of a non-native culture
system.

158

7.7

CONCLUSION

Much of the original work exploring focal adhesions (cell-ECM interaction) and adherens
junctions (cell-cell interaction) has been accomplished on rigid and planar 2D culture
systems. Over time the culture platforms used have moved towards physiologically soft
planar 2D systems. While these physiologic planar substrates unveiled new understanding
of how cells probe and sense their microenvironment, they still lack the dimensionality that
is characteristic of the native tissue niche in which most mesenchymal tissues reside. As
new imaging modalities have been developed that enable imaging of these interactions in
native tissue sections, it has been noted that some of the core principles and structures
have translated favorably into the 3rd dimension, while others have not (Baker and Chen
2012). The work detailed in this chapter began with the examination of nuclear envelope
wrinkling and its role in mechanoadaptation of the cell in soft 2D planar
microenvironments. Through this work, we established a clear mechanism in which
nuclear envelope wrinkles had to be unfurled before contractile stress could build up in
the cytoskeleton resulting in cell spreading and nuclear translocation of mechanoresponsive transcription factors. However, when these same mechanisms were queried
within native tissue sections, these 2D predictions did not hold up, and in fact the exact
opposite response was observed. That is, in the native tissue niche, cells with more
contractility, as determined by increased YAP/TAZ localization, exhibited increased
nuclear wrinkling. We hypothesized that this arose from the influence of dimensionality
and the manner by which nuclear stress was built up in an environment where there are
ECM interactions present in all dimensions. To better recapitulate these interactions, we
cultured cells in MMP-degradable HA hydrogels and found that these remodelable
systems that enabled 3D cell spreading could accurately model the native niche scenario,
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wherein increased YAP/TAZ localization was observed in conjunction with a wrinkled NE
phenotype.

Moving forward, this work highlights the need to consider our in vitro choice of synthetic
microenvironments with data from actual tissue samples. More specifically, studying
nuclear mechanobiology on 2D planar morphologies might not be the most appropriate
context relative to the native in vivo microenvironment. Instead 3D systems that can be
remodeled might potentially provide more faithful predictions when compared to this native
context. This choice in platforms does not solely center around hydrogels crosslinked with
MMP-degradable domains, but can additionally include collagen-1 gels, which have
already been widely used in studying the role of the nucleus in 3D migratory contexts
(Petrie, Koo et al. 2014, Skau, Fischer et al. 2016). Comparatively though, this MMPdegradable NorHA system does allow for the precise and independent tuning of multiple
mechanobiologic parameters, such as substrate stiffness and ligand presentation, which
will hopefully allow for additional conclusions to be drawn regarding the role of various
components in driving nuclear mechanobiology in native-like contexts.

In addition to the above, this work provided new insight into the importance of a wrinkled
nuclear envelope morphology in understanding the mechanobiologic state of the cell.
While many groups have previously noted this morphology (Swift, Ivanovska et al. 2013,
Kim and Wirtz 2015, Kim, Li et al. 2016, Jorgens, Inman et al. 2017), its role and function
has not been well-described to date. In particular, the finding that the wrinkled morphology
correlates with an increased contractile state in tissues is in disagreement with other
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hypotheses about how a wrinkled nuclear envelope could result in a reduced contractile
state, such as through the reduction of stretch-sensitive calcium signaling into the nucleus
(Itano, Okamoto et al. 2003) or through cessation certain protein-protein interactions (Poh,
Shevtsov et al. 2012). As such, this necessitates new investigations into the manner by
which nuclear wrinkles can be generated and understood as a contractile morphological
element. One thought is that these wrinkles play no active role and merely are the result
of how nuclear deformation occurs in 3D environments. Importantly, in 2D
microenvironments, nuclear stiffening is tied to the build-up of contractile stress and
increased polarization/formation of F-actin bundles, so by the time there is a clear
perinuclear actin cap, the nucleus is too stiff and does not allow for actin protrusion into
the nucleus and non-protrusive TAN lines are formed. In 3D, nuclear stress can be built
up independently from other cytoskeletal events in a variety of ways, and the prevalence
of wrinkles along with increased nuclear YAP/TAZ translocation suggests that F-actin
protrusion into a non pre-stressed nucleus can result in the buildup of nuclear pre-stress.
Yet, with previous reports of nesprin clustering happening within actin-protrusions into the
nucleus (‘TAN Lines’), it is more likely that these wrinkles in 3D play multiple roles,
including providing increased nesprin coupling to the actin cytoskeleton and allowing for
mechanical reinforcement, thereby resulting in increases in the contractile state of the cell
(Driscoll+ Biophysical Journal 2015). This implies that previous descriptions of TAN line
slippage in 2D might not be as prevalent in 3D, and anchors like SUN2 that were essential
to prevent against this slippage play a different role in 3D, as the wrinkled nuclear
morphology may act to keep these interactions in place and increase the stability of LINC
complex formation (Luxton, Gomes et al. 2010, Folker, Östlund et al. 2011). In a way,
these nuclear wrinkles in 3D could be directly analogous to some of the original
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descriptions of TAN lines being the predominant structure of nesprin-nuclear interactions
on 2D planar substrates.

Our future work in this system will focus around defined pharmacologic perturbations of
cellular contractility, both in tissue (using an explanted mouse meniscus culture system)
and in these MMP-degradable NorHA hydrogels across various substrate mechanics and
hydrogel degradability potentials. These studies will shed further light on how cells in
native and native-like contexts can respond to exogenous mechanical cues, and further
define the role that nuclear structure and architecture play in mediating these changes.
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS

8.1

CONCLUSIONS

Our improved understanding of cellular mechanobiology has been made possible by
continual developments in new biomaterials platforms. These new platforms have allowed
researchers to untangle complex systems by enabling the ability to independently tune
variables, and to investigate how these changes alter downstream cellular behavior. In
particular, deciphering how cell-cell interactions modulate the contractile state of cells in
an ECM-rich environment has been a particularly difficult question to answer due to the
crosstalk between these interactions. One of the first such attempts to decouple these
signals was to utilize microcontact printing to mimic the reduced cell-ECM contact area
that arose with dense culture (McBeath, Pirone et al. 2004). Other groups used similar
micropatterning techniques (Liu, Tan et al. 2010, Mui, Bae et al. 2015), but forced cells
adhere to two adjacent islands and form cell-cell contacts, though these contacts were not
limited to cadherins and could vary in strength and length. While these micropatterned
culture platforms shed a great deal of light on the influence of cell-cell and cell-ECM
interactions in dictating cell behavior, we still lacked the tools to precisely probe cells in
this interaction scheme. Recent characterization and development of the HAVDI adhesive
motif in the EC1 domain of N-Cadherin overcame some of these limitations and this thesis
employed these tools to help answer these questions about cell-cell and cell-ECM
interactivity in a more refined manner.
In this work, HAVDI peptides were co-presented along with RGD peptides using a
methacrylated hyaluronic (MeHA) acid hydrogel platform over a wide range of material
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moduli. This system allowed for the precise tuning of multiple inputs during the material
and experiment design process. Bulk stiffness was adjusted via UV crosslinking, the
loading of cell-cell or cell-ECM ligands was modified by design, the dimensionality of this
substrate was changed, all with the goal of manipulating how cells experience HA to
recreate the interactions present in the normal native tissue niche. Using this system, we
uncovered an emergent mechanobiologic phenomenon through which HAVDI ligation
altered the contractile state of cells on substrates of intermediate stiffness, and found that
this also altered downstream functional behaviors, including proliferation and
differentiation. Further exploration revealed that this dependence of intermediate stiffness
substrates was contingent on HAVDI inhibition of the Rac1-MyosinIIA signaling axis,
where ligation inhibited the maturation of focal adhesions, a signaling pathway that was
previously found to only be active on intermediate stiffness substrates (E= ~9 kPa).
There are a variety of interesting implications of HAVDI/N-Cadherin controlling the cellular
perception of ECM cues. This work showed that HAVDI inhibition of contractility could be
turned off by a variety of cell-mediated pathways which could include increases in ECM
stiffness or even work through the removal of cadherin ectodomains by ADAM10, a
sheddase that has been previously found to be essential for proper development. Taken
together, this work highlights the fact that a great deal of diversity in cellular behavior can
be engendered by the convergence of a handful of signals. Further, there are enough
modulators of this system that these pathways could potentially to be implicated in a
diverse array of cellular behaviors, from limb development to disease pathologies
including fibrosis. However, much work remains to fully define these predictions in an in
vivo microenvironment. Nonetheless, HAVDI peptides provide an additional tool for
regenerative medicine strategies to modulate the cellular interpretation of engineered
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microenvironments, where HAVDI ligation alongside RGD or other ligands could prove to
be an effective tool for tricking cells to believe stiff materials are softer than they are.

One key element that was mentioned previously is the need to motivate in vitro predictions
of cellular mechanobiology in engineered systems with data from actual tissue sections
from the appropriate niche. While increasingly biomimetic microenvironments with a
variety of cues can now be presented to cells, there may still be critical elements missing
in vitro that could prove to be a key component of a previously unknown cellular
mechanotransduction pathway. One example of this came with the study of nuclear
wrinkling morphologies and their role in mechanotransduction. Work on 2D planar soft
hydrogel platforms revealed that nuclear envelope wrinkling resulted from changes in prestress in the cytoskeleton, and these wrinkles needed to be unfurled and the nuclear
envelope pulled taut before the cell could build up the pre-stress required in the
cytoskeleton for mechanically-sensitive behaviors to initiate, including cellular spreading
and the nuclear translocation of transcription factors such as YAP/TAZ, RARg, and
MRTFa. However, examining cells in native niches highlighted that not only are these
nuclear morphology predictions from 2D planar substrates not accurate, but they are the
exact opposite of those present in the tissue niche. This difference likely stemmed from
changes in dimensionality between the native tissue and 2D planar substrates, and the
subsequent change in how stress builds up at the nuclear envelope as a result. To further
test this hypothesis, MSCs were cast inside ~7kPa NorHA hydrogels with MMPdegradable crosslinks and allowed to culture for 5 days prior to fixing and staining.
Following immunostaining for Lamin-A/C and YAP/TAZ, we noted similar trends to native
tissue samples, where cells with wrinkled nuclear envelopes also had higher nuclear
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YAP/TAZ ratios. This suggests that moving forward, planar substrates may not be the best
system in which to study nuclear mechanobiology, and that inclusion of material
degradability in a synthetic 3D hydrogel environment might be important for recapitulating
native-like mechanobiology in stem cells.

8.2

FUTURE DIRECTIONS

8.2.1

HAVDI Peptide Presentation to Modulate Stem Cell Mechanobiology

In this work, HAVDI was utilized in all experiments at a concentration of 1mM or lower, a
value that was motivated by super resolution measures of cadherin density in adherens
junctions of drosophila embryos (Quang, Mani et al. 2013). In all experiments where both
RGD and HAVDI were presented, we added each ligand at a ratio of 1:1. Developmentally,
we know that this ratio should likely shift from one that is dominated by cell-cell interactions
to an environment that gradually transitions into one dominated by cell-ECM interactions.
So, while we probed the exact middle of this developmental spectrum, there are multiple
other ratios at which cells might experience these signals, necessitating further work
exploring how cells probe other regimes. Unpublished observations showed that when the
ratio of RGD:HAVDI dipped below 1:3, cells did not robustly attach to the substrates,
further suggesting an antagonizing role for these interactions. One interesting approach
to studying this interaction space is through the use of gradient hydrogels, where all of
these interactions could be probed on a single hydrogel. These studies should shed
increased light into the dynamic interactions and signaling paradigms that may emerge
with a specific mixture of ligands.
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Even outside of the realm of utilizing HAVDI to study cellular mechanobiologic
mechanisms, HAVDI may find its greatest prominence as a tool to control the cellular
interpretation of an engineered mechanical microenvironment. While this work showed
that HAVDI has no effect on substrates with a bulk modulus of 20kPa when loaded with
1mM HAVDI and 1mM RGD, it will be interesting to see if increased HADVI loading can
further shift this effect curve such that it would be operative on substrates of much higher
stiffness. As many of these mechanisms are based off of an absolute substrate stiffness,
per se, but are rather dictated by the amount of contractile stress that these substrates
engender in the cell, it is likely that these mechanisms could become operative. It is likely
that the signaling provided by 1mM HAVDI may not be sufficient to overcome the amount
of contractile energy imparted by a 20 kPa substrate. Future work will hopefully more
clearly define the degree by which HAVDI can offset the surrounding mechanical
microenvironment, and work towards this strategy as a more cost-efficient means of
modulating cell contractile phenotypes in regenerative medicine strategies.

8.2.2

Nanoscale Assessment of LINC Complex Morphology and Behavior

Mechano-adapation is characterized by the dynamic remodeling of a protein or complex
of proteins with applied force, due to either a direct physical change organization or
through a physically-induced signaling pathway that elicits the same change. In focal
adhesions, for example, growth and/or shrinking is due to force in the actin cytoskeleton
leading to force-induced unfolding, revealing cryptic binding domains. This was first shown
in talin, which contains binding sites for vinculin that are accessible only when the molecule
is under tension, thereby fostering increased assembly (del Rio+, Science, 2009). Similar
force-induced unfolding events have been reported in cadherin-based cell-cell adhesions,
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where alpha-catenin contains a cryptic vinculin binding site that is opened by increased
actomyosin-tension, with opening impacting the maturity and stability of cadherinadhesions (Yonemura, Wada et al. 2010, Yao, Qiu et al. 2014). As such, it is likely that
there are similar force-induced unfolding and clustering mechanisms that exist in LINC
complexes that allow for clustered adhesion growth and further dictate mechanosensing
of these complexes.

However, we currently do not know much about the mechanobiology of the LINC complex
and the nucleus. Traditional immunostaining and confocal imaging for LINC complex
components have revealed nuclear envelope localization, but the precise structure of
these complexes is still relatively unknown. Moving forward, additional approaches need
to be applied to understand how the morphometric characteristics of these LINC
complexes (such as area, aspect ratio, assembly/disassembly rates) change with time and
applied force. Ongoing single molecule localization microscopy (SMLM) approaches such
as dSTORM may better resolve the structural organization of these complexes. These
super resolution approaches are also likely to provide additional mechanistic insight into
LINC complex morphology, similar to work that has been accomplished with these
techniques on focal adhesions and adherens junctions (Kanchanawong, Shtengel et al.
2010, Bertocchi, Wang et al. 2017). An additional limitation of our knowledge of LINC
complexes comes from a lack of live cell imaging approaches. These have been central
to the development of our understanding of focal adhesion dynamics, however, the large
size of nesprin giant proteins make viral packaging of fluorophore-tagged full length
molecules impossible. Alternative strategies such as mini-Nesprin-2G lacking spectrin
repeats (Borrego-Pinto, Jegou et al. 2012, Arsenovic, Ramachandran et al. 2016) or
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visualizing other LINC components such as SUN proteins have become popular ways to
probe dynamic LINC complex structure, though these methodologies using truncated
isoforms, likely do not support all aspects of the machinery important for mechanoadaptive behaviors. Advances in viral packaging technologies may provide for
transduction of full-length nesprin giant proteins and could thereby further facilitate the indepth understanding of LINC complex mechano-adaptation in a live cell context.

8.2.3

Time-Dependence of Native-Like Biomaterial Platforms

Within Chapter 2, the recent developments towards the creation of synthetic materials
platforms that recapitulate multiple properties of the cellular niche were described in detail.
These developments are all crucial to our understanding of mechanobiology as they allow
for recapitulation and manipulation of a more native-like cellular niche with increased
fidelity. However, one important consideration within these platforms is the fact that
beyond a day or two in culture, many cells have secreted enough matrix to form a nascent
pericellular matrix (PCM), which restricts direct cell-material interaction. Indeed, many
studies have found that there is a window through which the material-provided ligands
have an effect in a regenerative medicine system cultured for multiple months (Bian,
Guvendiren et al. 2013), and beyond this point it is likely that the role of the material
switches to that of a facilitator of new matrix deposition and organization. Mechanical
properties of the matrix likely act to organize cell-deposited ECM and further regulate
strain transfer to the PCM and thereby the cells (McLeod and Mauck 2016). Ligands on
this polymer backbone are likely shielded from the cell by PCM deposition. As such, future
work should investigate how the role of the synthetic biomaterial changes as a function of
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ECM secretion and how biomaterials can switch from being instructive to facilitative, or
how these synthetic materials can be further distributed into areas of new ECM formation.

8.3

OUTLOOK

This discussion is not simply building to a zenith where we state that all work should be
done in native tissue sections, as many experiments would not be amenable to these
systems. For example, looking at some sub-cellular cytoskeletal structures in many
tissues is nearly impossible, and in vitro environments are imperative for deconstructing
these complex tissue niches and breaking them into a minimal set of variables from which
we can draw conclusions. Moving forward, the development of each of these facets will
likely go hand in hand. New advances in tissue clearing technologies, cryosectioning, and
explant culture systems will likely provide valuable tools that will increase the use of native
tissue samples for these analyses. Additionally, it is likely that these developments and
subsequent findings will further spur new innovations in the biomaterials community, which
can help us design studies to break down the complex mechanisms establishing the
homeostasis (or lack thereof in disease) that we witness in tissues.
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